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ABSTRACT OF THE DISSERTATION
Effects of disrupting the interaction of murine leukemia virus (MLV) with host chromatin-
binding protein on tumorigenesis in MYC/Runx2 mouse model and recognition of
chromatin
by LORENZ M. LOYOLA

Dissertation Director:
Monica J. Roth

Murine leukemia virus (MLV) integrase (IN) lacking the C-terminal tail peptide (TP)
lose the interaction with the host bromodomain and extraterminal (BET) proteins and
decrease their integration preference at promoter/enhancers and transcriptional start
sites and CpG islands. MLV lacking the IN TP by altering the open reading frame were
infected into a tumorigenesis mice model (MYC/Runx2) to observe integration patterns
and phenotypic effects. Viral passage resulted in the restoration the TP onto IN through
small deletions. Mice infected with different modified MLV lacking the IN TP" coding
sequence (TP’), showed an improved median survival by 10 days compared to wildtype
(WT) MLV infection. Recombination with polytropic endogenous retrovirus (ERV), Pmv-
20, were identified in seven mice, displaying both fast and slow tumorigenesis. Next
generation sequencing of tumors showed an infected mouse (TP 16) without observed
recombination with ERVs with less integrations at TSS and CpG islands, compared to
the mean integrations of WT tumors. This mouse also has less integrations at Brd4 and
BET associated histone modifications (H3K4me1/3) +/- 1 kb from ChIP-seq peaks.
However, this mouse succumbed to the tumor rapidly (34 days). Analysis of the four of
the top copy number integrants of the TP 16 tumor revealed their proximity to known
MLV common insertion sites genes (Hdac6, Ccnd1, Rasgrp1), maintaining their MLV IN

TP genotype. Furthermore, mapping integrations in K562 cells revealed the preference



of MLV IN TP- insertions within chromatin profile states associated with heterochromatin
and weakly transcribed regions. A decreased number of integrations were observed at
histone marks associated with BET proteins (H3K4me1/2/3, and H3K27Ac). The results
highlight the strong selection within the mouse to maintain the full-length IN protein.
MLV IN TP" showed a decreased overall rate of tumorigenesis compared to WT virus in
the MYC/Runx2 model. However, MLV integrations, in the absence of the influence of
BET proteins, can still occur at regions of oncogenesis driver genes, either stochastically
or through trans-complementation by functional endogenous Gag-Pol. Thus, the
modified MLV virus can be a safer vector than the wildtype virus, but it still maintains the
oncogenic potential. This study provides new insights on how to improve the safety of

MLV retroviral vectors.
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Introduction

Retroviruses are enveloped RNA viruses that are categorized on the basis of
genetic, structural, and pathogenic properties. Its quintessential characteristic is its
ability to transcribed double stranded viral DNA from its viral RNA genome by reverse
transcription and its subsequent insertion into the host genome. They are considered
multipotent biological nanoparticles because of their size that ranges from 100-150 nm in
size. Their viral RNA genome ranges from 7-12 kbp in length and are linear, single
stranded, nonsegmented and positive polarity. They have at least three major coding
regions (gag, pol, env) and flanked by long-terminal repeats (LTR) on the 5’ and 3’. The
LTRs provide the transcriptional control and polyadenlylation elements for the viral
transcript as well as the binding sites for IN integration (Fig 1). The gag region, in
general, codes for at least 3 structural viral proteins: matrix (MA), capsid (CA) and
nucleocapsid (NC). The pol region codes for catalytic proteins: protease (PR), reverse
transcriptase (RT) and integrase (IN). The env region contains the viral Envelope
protein (1). Retroviruses that carry these three coding regions are called simple
retroviruses - i.e. Gammaretrovirus, Murine leukemia virus (MLV) - while retroviruses
that carry additional viral proteins formed from alternative splicing are called complex
retroviruses - i.e. Lentivirus, human immunodeficiency virus (HIV) (reviewed in (2)).

Retroviruses are further divided into 7 genera - alpharetrovirus, betaretrovirus,
deltaretrovirus, epsilonretrovirus, gammaretrovirus, lentivirus and spumavirus- based on
evolutionary relatedness primarily on sequence relatedness of the reverse transcriptase
(1). Retroviruses can be further classified also based on the morphogenetic assembly of
viral particles. Cores of B- and D- type, for example in mouse mammary tumor virus
(MMTYV) and foamy virus (FV), are assembled in the cytoplasm. C-type viruses like MLV

and HIV  assemble their core during the budding process (1).
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Fig 1. Genome organization of retroviruses. The panels are adapted from (2, 3) (A)
Gammaretrovirus (MLV) genome organization is an example of a simple retrovirus. LTR
(open boxes) are at the 5 and 3’ end of the genome. It consists of the U3, R. U5
regions. Some regulatory elements are also indicated (E, enhancer; P, promoter; att,
attachment site; cap, 5’RNA capping site; pA, polyadenylation site; PBS, primer binding
site; SD, splice donor; W, packaging signal; SA, splice acceptor; PPT, polypurine tract).
Three coding regions are indicated (gag, pol, env) and their protein subunits indicated in
bold MA, matrix; CA, capsid; NC, nucleocapsid; PR, protease; RT, reverse transcriptase;



IN, integrase; SU, surface; TM, trans-membrane) (B) Comparison of different retrovirus
genome organizations. Lentivirus encodes accessory proteins (Vif, Vpr, Vpu, Tat, Rev,
and Nef) formed by alternative splicing. The alpharetrovirus protease (PR) is encoded as
part of gag and its genome contain the Src oncogene. Typical viral structure is depicted
at the bottom.



Retrovirus Genome
Retroviral LTR

The retroviral LTR is composed of different regulatory elements that are essential
for viral replication, transcription and integration. It is composed of the U3, R, U5 region
(U-unique; R-repeat) and 2 copies of these components flank both ends of the viral DNA
genome (Fig 1A). The size varies among different genera. The U3 has the active
enhancer/promoter that drives transcription by host polymerase Il. This can also define
retroviral tropism in which transcription activity is dependent on the infected cell or
tissues type. MLV is highly expressed in thymocytes and lymphoid cells (4-8). Present at
the 5 terminus of the U3 is the highly conserved inverted repeat attachment (att) site,
where 3’ processing occurs at the CA dinucleotide during integration (9). R region is
defined from the transcriptional start sites at the 5’ LTR and polyadenylation site at the 3
LTR. The 5 end of the viral RNA transcript begins in R and is capped by a regular
m7G5’ ppppS”"Gmp-cap (10) (Fig 1A). Reverse transcription of the viral RNA produces the
complete copy of LTR at each end of the viral DNA before integration. The U5 also
encodes an att site for IN during integration. Other regulatory elements are present
downstream of the 5 LTR called 5’ untranslated region (UTR). The 18-bp long primer
binding site (PBS) serves as the binding site for complimentary host tRNA that serves as
primer for reverse transcription (1). This tRNA varies among retroviruses but for MLV, it’s
usually tRNAP™® but also can be tRNA®"™ (11, 12). Retroviral RNA dimerization signals
overlap regulatory elements for RNA packaging. The packaging signal, (W)- site,
interacts with nucleocapsid (13). The major splice donor sites (SD) for almost all
retroviruses are present upstream or within crucial packaging motifs (1, 14).
Coding Regions

Viral coding regions expressed polyproteins and its transcription leads to different

precursors, Gag and Gag-Pol from the full-length RNA genome. These fusion proteins



assemble and form immature viral particles and carry the viral RNA genome. At viral
maturation, proteolytic processing by protease (PR) recognizes cleavage sites flanking
individual viral proteins to allow proper functional configuration (14, 15). Expression of
the Gag and Gag-Pol are expressed in 20:1 to 10:1 ratio for efficient production of
infectious particles (1). Differential translational expression is achieved by 2 different
mechanisms: leaky stops and RNA frameshifting. For gammaretrovirus and episolon
retrovirus, the terminal UAG codon at the end of gag precedes the pol coding region and
read-through inserting a glutamine by the suppressor tRNA®"™ occurs at a 5-10%
frequency. Downstream of the UAG codon, a pseudoknot is formed that is required for
efficient read-through (14, 16). The read through is enhanced by reverse transcriptase
by binding to eRF-1 (17). For beta-, delta-, lentivirus, a translational -1 frameshift at a 5’
direction occurs near the gag stop codon and requires secondary structure formation, a
hairpin or pseudoknots, to stall ribosomal translation (18-20).

Gag

The Gag polyprotein is composed of structural proteins that are structurally
conserved among different genera of the Retroviridae. MLV, in addition to the primary
AUG Gag start, encodes the atypical CTG start codon 264 bp upstream of the Gag
AUG. This extension codes for a leader peptide that directs a secondary Gag translation
(glyco-Gag) to the endoplasmic reticulum and Golgi complex where it is glycosylated,
(21, 22). Its presence is non-essential to viral competency and pathogenicity in cell
culture. It was reported, however, that absence of glyco-Gag affect infectivity and
budding in mice and it directs virion assembly to lipid rafts involving cellular La protein
(23-25). Gag mainly consists of at least the MA, CA and NC. The MA is involved with
interaction with cytoplasmic tail of Env as it is bound to the viral lipid bilayer following
precursor cleavage. CA is a 20-30 kD protein and has the most highly conserved

sequences among all gag subunits called the major homology region (MHR). The NC is



encoded after CA domain and is highly basic. They contain one or more Cys-His motifs
that interact with zinc ion and these are essential for viral RNA genome packaging. It's
also part of other viral processes in HIV including tRNA binding in assembly, reverse
transcription and integration (26, 27). Alpha-, beta- and gamma-retroviruses also code
for phosphoprotein (10-20 kD) between matrix and capsid (28). In MLV, this protein is
called, p12, and contains the PPPY late domain that interacts with the host E3 ubiquitin
ligases, NEDD4 family, to facilitate Gag ubiquitylation and promote viral release (29-
32). The C terminal end of p12 binds to CA and is required for tethering of CA containing
pre-integration complex (PIC) to host mitotic chromosomes, specifically to nucleosomal
histones (29-34).

Pol

The pol coding region usually consists of the PR, RT, and IN. PR, a 15 kD
homodimer, promotes aspartyl protease activity (35). Some possible mechanisms of
activation are decrease in pH environment after viral budding or high concentration for
protease dimerization (14). RT is an important enzyme for viral pathogenesis. It has an
N-terminal polymerase domain and a C-terminal RNase H domain (36). It is involved in
RNA-templated DNA synthesis, DNA-templated DNA synthesis, and degradation of the
RNA strand of the RNA:DNA hybrid after DNA is synthesized (14). In MLV, it functions
as a monomer unlike other retroviruses (37, 38). It is, however, a polymerase with low
fidelity and processivity and does not have a proofreading activity. IN enzyme process 2
catalytic activities: 3’ end processing of each DNA strand and strand transfer of viral
DNA into host DNA (reviewed in (39, 40)).

Env

The Env is expressed from a spliced transcript for all retroviruses. It is the only

viral protein expressed as a surface protein and it functions for viral attachment and



recognition. It determines the ability of viruses to infect specific cells or commonly
referred to as the viral tropism. The precursor goes through different post-transiational
modifications, disulfide formation, oligomerization and cleavage into 2 subunits. These
subunits are the N-terminal surface subunit (SU) and the C-terminal transmembrane
subunit (TM) (41). SU have an N-terminal receptor binding domain or RBD with a proline
rich hinge region followed by a conserved C-terminal domain (42). The RBD provides
contacts with host surface receptor proteins and therefore contains variable regions. The
TM subunit starts with a hydrophobic peptide, called the fusion peptide, which is inserted
into the host cell membrane as part of early stage of membrane fusion. It is followed by a
stretch of leucine zipper-like regions that form a coil-coil structure (43). MLV Env is
tethered together by a disulphide bond by through a cysteine CXXC motif in SU with the
CX6XX motif in TM. The RBD during receptor recognition changes its conformation to
communicate with the C-terminal domain of SU and TM. This activates the reshuffling of
cysteine bond to the cysteine bonds of CXXC. SU is released inducing conformational

change in TM and the insertion of fusion peptide into the target membrane (44-46).

Retroviral life cycle: Gammaretrovirus

The retroviral life cycle is divided into 2 stages (Fig 2): early and late stages. The
early stage starts with the viral Env binding to receptors on the host cell membrane. This
leads to conformational changes that initiate membrane fusion or endocytosis and
eventual entry of the viral core into the cytoplasm (reviewed in (2, 3)). Reverse
transcription turns the viral RNA genome into a double-stranded DNA molecule that is
incorporated into the pre-integration complex (PIC) along with CA, p12, IN and other
cellular proteins (barrier to autointegration, Baf protein). The size of MLV PIC, due to the
presence CA core, precludes passage through the nuclear pore therefore it depends on

the nuclear breakdown during mitosis to gain access to the nucleus (14, 47). Baf



proteins prevent intramolecular strand transfer by binding to proviral double stranded
DNA and promoting successful integration with host DNA (48). Integration proceeds with
a 3-step process that includes host proteins (discussion in the next section): 3
processing, strand transfer and gap repair/DNA strand joining. The integrated viral
genome is now called an integrated provirus at this point (reviewed in (39)).

The late stage commences when viral RNA transcription is initiated from the 5’
U3 LTR. Transcribed viral RNAs are spliced at the donor sites located at the 5’ of gag
and the splice acceptor site at the 3’ end of pol/ (49). A full unspliced RNA can serve as
template for Gag and Gag-Pol expression or used for genome replication. Full length
genomic RNA is packaged by NC of uncleaved Gag and Gag-Pol precursors. Export
elements from the nucleus for MLV full-length genomic RNA transcript has not been
identified. Gag and Gag-Pol precursors are assembled into the membrane, specifically
at regions called lipid rafts, guided by the myristoylation signal in MA and form protein-
protein interactions that guides budding off from the membrane (50-52). Env proteins are
also incorporated into the viral membrane shell during budding of viral particles. Particles
can be formed without Env and are called virus like particles (53, 54). Maturation of viral
particles involves proteolytic cleavage by the viral PR of Gag and Gag-Pol precursors

into its individual functional subunits and the replication cycle can begin again.

Retroviral integration

Integration is an essential step for retroviral replication and pathogenesis (for review
(39)) This process is driven by the viral integrase (IN), which stably introduces the
proviral DNA into the host genome for subsequent viral replication. Other less
characterized functions of IN have been observed. Disruption of the coding sequences

of IN caused pleiotropic phenotypes including aberrant viral morphology with reduced
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level to no activity of RT, virion assembly disruption and nuclear import defects which
suggest it could have other functions outside of integration (55-58)

Integration is an enzymatic process with multiple steps that involves the viral LTR
and the host DNA target catalyzed by the viral IN and host enzymes. During infection,
some viral DNAs are circularized into 2 LTR-circular forms but the linear viral DNA is the
correct substrate for integration. Integration is made up of 3 steps (Fig 3) (reviewed in
(39)). Firstly, IN hydrolyzes the phosphodiester bond at the 3’ of the conserved adenine
of the 5 CAGT- 3’ removing a dinucleotide (GT) at both ends of the LTR. This also
releases the 3’ hydroxyl group from the 5 CA- 3'. In the second step, the intasome,
complex of viral DNA and IN, will form the target capture complex (TCC) with target host
DNA through a nucleophilic attack of 3’ hydoxyl to cut DNA in a staggered manner. A
post-catalytic complex called strand transfer complex (STC) is formed where viral DNA
is hemi-integrated into the host DNA. Full integration into a provirus occurs when STC is
disassembled and completed by host enzymes. DNA polymerase (3 or ) processes the
single stranded gaps formed during stand joining. 5’-flap endonucleases 1 excise the
dinucleotide 5’ overhang in the 5’ viral DNA produced after DNA polymerase extension.
DNA ligase lll, IV, or | then would ligate the joining ends. At the end of integration,
provirus is flanked by duplication of the target DNA sequence. MLV and PFV have a 4

bp duplication size while HIV has 5 bp (reviewed in (3, 14)).

MLV IN: structure and function
Integrase  (IN) structure is important in understanding its function in viral
pathogenesis. MLV IN is 408 residues in size and has 3 domains: N-terminal domain

(NTD), catalytic core domain (CCD), and C-terminal domain (CTD) (Fig 4A). The
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complete structure of the integrase protein has not been solved, but separately the
structures of the N-terminal and C-terminal domains have been determined in our lab
using X-ray crystallography and nuclear magnetic resonance (NMR), respectively, and a
molecular model for the catalytic domain has been generated by homology modeling
(59-61) (Fig 4B). Other retroviruses such as the Rous sarcoma virus (RSV), murine
mammary tumor virus (MMTV), and the prototype foamy virus (PFV), have available
structures of the their integrase protein (62-65). Cryo-electron microscopy (EM) was
used to determine the structure of whole HIV MMTV and the PFV intasome bound to
nucleosome (63-65).

MLV and PFV possess an extra domain (45-51 residues) before the NTD, called
NED, which engages the viral DNA into the intasome. The NTD forms a helx-turn-helix
fold with a histidine and cysteine residues motif (HHCC) bound with a Zn®"ion and is
involved in recognition of the viral LTRs and IN multimerization. The NED plus the NTD
are collectively called the N-terminal region (NTR). The CCD harbors an RNase H fold
and contains the highly conserved active site motif consisting of Asp and Glu (DD-35-E
motif). The active site coordinates the Mg®* that activates the nucleophilic attack for 3'-
processing and strand transfer to destabilize the phosphodiester bonds (reviewed in (39,
40, 66). There’s a flexible linker region between MLV CCD and CTD from residues 287-
329 called the CCD-CTD linker (59, 60, 66, 67). The CTD is the least conserved domain
and it contains a Src homology 3 (SH3) fold. It is most related structurally with the Tudor
family of chromatin binding domains but does not possess the conserved hydrophobic
cages that bind the methylated Lys and Arg bonds. The CTD is involved in interaction
with DNA and other substrates (14, 59, 60, 68-70). Residues from 382—408 constitute
the MLV CTD C-terminal tail peptide (TP) (59, 60, 66, 69). Sequence alignment of CTD
TP of gammaretroviral INs showed a conserved sequence (***W-X(3)-R/K-S/T-X(2)-PLK-

I/L-R-1/L-X-R*%®) that's exclusive to gammaretroviruses. The coding
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Fig 4. Domain organization of MLV IN. (A) Schematic shows IN protein sequence
(brown — NED; orange — NTD; Blue — CCD; red — CTD). TP denotes the region deleted
in the construct used for mouse infection and integration site analyses. (B) NTR1.105
(orange) has subdomains NED and NTD and shows a Zn?* ion (PDB ID: 3NNQ). CCD
117271 dimer was based from PFV CCD (59). Overlay of backbone atoms of the NMR
structures of CTD domain shows the intrinsic disordered structure, TP (black), of CTD
(PDB ID: 2M9U).
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region of the N-terminal of Env overlaps with the CTD tail peptide sequence but
expressed using a different reading frame. The sequence conservation within the
overlap region favors the IN coding sequence. This further proves that there is a
selective pressure to preserved the IN C-terminal TP sequence (69). MLV IN is
presumed to function as a tetramer as observed in prototype foamy virus (PFV) (71, 72).
Structural analysis of multimers of different retroviral IN shows that with spuma-, epsilon-
and gammaretroviruses have longer (>50 residues) CCD-CTD linkers that provide
sufficient engagement of the CTD to viral and target DNA thus requiring an IN

functioning as a tetramer, compared to RSV and MMTV, both octamers (62, 63).

Retroviral integration preferences and host protein interactions
There are retroviruses that have strong preference for specific genome regions.
HIV integrations highly prefers active gene bodies (73). Spumaviruses target intergenic
regions and avoids gene bodes. Alpa-, beta-, delta- retroviruses have a more random
distribution compared to other retroviruses (74). MLV has preferential integration near
promoter, enhancer regions and transcription start sites (TSS) that are high
transcriptionally active regions (60, 69, 70, 75, 76). These preferences can be explained
by cellular host protein that interacts with the viral PIC and guide integration (3, 77-79).
Some of the host protein interactions with some retroviral INs have been identified
and structurally and biochemically analyzed. HIV IN tethers to an epithelium-derived
growth factor/p75 (LEDGF/p75) that interacts with chromatin specifically H3K36me3, a
histone modification mark for transcription elongation (80-83). The IN CTD of
alpharetrovirus, avian leukosis virus (ALV), binds to the FACT complex protein, a highly
conserved histone chaperone protein essential for transcription and DNA replication, and
promotes integration for ALV. The FACT complex has recently been shown to regulate

HIV integration (84, 85). The interaction of the MLV IN with the host bromo- and
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extraterminal (BET) domain proteins influences target-site selection to transcriptionally
highly active chromatin regions. MLV IN has an unstructured C-terminal tail peptide (TP)
of CTD that becomes ordered upon interaction with BET proteins (60, 69).

BET proteins are known epigenetic readers and are characterized by the presence of
two bromodomains (BD1 and BD2), an extraterminal domain (ET), and a C-terminal
domain (CTD). Specifically, MLV IN TP interacts with the ET domain. The bromodomain
is mainly linked to the histone acetyltransferase (HAT) activity of transcriptional
activators to recognize the histone acetylation. BET proteins function as molecular
scaffolds to recruit other proteins and are usually localized at promoter and enhancer of
active regions and possess nucleosome chaperone activities to promote RNA
polymerase elongation (86, 87). Additionally, a BET protein, Brd4, has been localized
inside the nucleus during interphase and it's closely associated with chromatin during

the M phase of cell division (87).

MLV common insertion sites using next generation sequencing

Integration profiles of retroviruses are important in identifying potential insertional
mutagenesis targets for cancer gene discovery. Common insertion sites (CIS) of MLV
were first identified by comparing the integrations versus the randomly generated
integrations from 100,000 Monte Carlo trials between B-cell lymphoma and myeloid
leukemia (88, 89). Other CIS analysis enhanced identification of insertions at genes to
further predict oncogenic potential (90). The most recent CIS analysis compared
previous CIS data sets of different genetic backgrounds and their data set and described
a progression network of MLV target genes that has strong indication for oncogenic

potential beyond the known MLV integration preference (90).
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Insertional mutagenesis of retroviruses

In mice, Moloney MLV (M-MLV) is non-acute retroviruses and thus insertional
activation of proto-oncogenes at identified common insertions sites (CIS) is the
predominant mechanism of oncogenesis (91, 92), requiring a long-latency period varying
between 4-12 months (91). There are many insertion mechanisms that retroviruses use
to drive oncogenesis (Fig 5). First is through promoter insertion, where the integrated
provirus is in the same orientation of the gene at the promoter region at the 5’ end and
activating the gene through the viral LTR instead (Fig 5A). Second is through an
intragenic insertion, where it could either produce a truncated transcript via the poly-A
tail signal or a chimeric transcript if integrated within the exon (Fig 5C). Disrupting
transcripts can lead to inactivation of a gene, for example insertion within a tumor
suppressor gene (e.g. p53) can lead to loss-of-function (93-95). The chimeric protein
could be a gain-of-function and cause aberrant effects on the cellular activity. Lentiviral
vectors mostly demonstrate this mutagenesis effect for example; it caused an activated
form of a truncated HMGAZ2 proto-oncogene in hematopoietic cells in patients being
treated with beta-thalassemia (96). The last mechanism is enhancer insertion where
integration occurs at distance upstream from a gene and usually oriented at anti-sense
of the gene but it could also be in the sense. MLV can influence expression of genes that

are >100kb away from integrants (97, 98) (Fig 5B).

MYC/Rux2 tumorigenesis mice model
A transgenic mouse overexpressing two MLV CIS, MYC and Runx2 from CD2
promoters leads to early onset lymphomagenesis. The synergistic expression of MYC
and RunxZ2 is proposed to neutralize p53 activation by modifying each other’s effect on
the p53 pathway. Varied expression of human-CD2-MYC in the CD-MYC mice model

can lead to MYC-induced apoptosis. Its expression influences the T-cell repertoire and
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Fig 5. Mechanisms of insertional mutagenesis. This figure is adapted from (95).
Provirus is yellow while LTR is green. The blue boxes are exons of genes and red
boxes are the endogenous promoter. (A) Promoter insertions (B) Enhancer
insertions in sense and anti-sense directions (C) Intragenic insertions in exons and

introns.
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proliferation by enhancing positive selection and expression of T-cell receptors. Co-
expression with the CD2-Runx2 at the same stage of lymphoma development reduced
the rate of apoptosis for the transgenic mice. In the CD-Runx2 mice model, it showed
growth suppressive effect in thymic cells development. Co-expression with CD2-MYC,
counteracts this suppressive nature and increased the onset of tumors (99, 100).
Infection of WT MLV into MYC/Runx2 mice reduced survival by 10 days (90, 100).
Additional neonatal infection of this mice model with M-MLV WT virus accelerates
tumorigenesis and increases clonal complexity through various insertional mutagenesis
sites (90). Analysis of these integration sites through next-generation sequencing,
mapping against reference genomes and ChlP-seq data sets, identified a panel of MLV

CIS that accelerated the oncogenic process (90).

Recombination with endogenous viruses

Murine gammaretroviruses are classified based on the exogenous versus
endogenous localization and receptor usage (101, 102). Inbred strains of mice encode
endogenous type C murine leukemia viruses. These fall in three general classes,
differing in their receptor usage and thus their host and tissue specificities. These
include the ecotropic viruses, limited to rodents (mMCAT1 receptor), xenotropic viruses
(excluded from infection of mice; Xpr1 receptor), and polytropic/modified polytropic (103)
with a broad host range (101, 102) and the Xpr1 phosphate exporter as receptor (104).
Although endogenous ecotropic and xenotropic viruses can form infectious particles, the
polytropic MLVs (P-MLVs) do not produce replication competent viruses (101) due to
defects in the ORFs, insertions, and mutations within the LTRs.

These endogenous sequences, however, are an abundant source for recombination,
when challenged with alternative defective viruses or replication competent viruses.

Endogenous retroviral RNA can be co-packaged with exogenous retroviruses where
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high rate of homologous recombination can occur during reverse transcription (Fig 6). If
there are breaks in the RNA genome during minus strand DNA synthesis, the co-
packaged RNA genome can be used as the new template (forced copy-choice mode)
(Fig 6B). Another mechanism is when an internally initiated plus strand DNA fragment
jumps to another minus strand DNA molecule and assimilated into the viral DNA
(Strand-displacement-assimilation model) (Fig 6A) (105-108). The most favored
mechanism involves base pairing of nascent DNA, exposed after RNase H degradation
of a DNA:RNA template, with copackaged genomic RNA. Primer strand realignment
then DNA synthesis proceeds into an acceptor template that will produce a
recombination junction (Minus-strand exchange model) (Fig 6C) (109). In MLV,
polytropic and modified polytropic ERVs can contribute env sequences in recombination
with breakpoints/crossover located in IN and around TM region of Env (103, 110). The
generation of these recombinants frequently results in viruses with improved virulence
and exchange of the viral env (7, 111, 112). Of significance to this study, C57BL/10
express the xenotropic MLV from the Bxv-1 locus, which can be a source of viral

proteins as well as genetic material (113).

Gene therapy

Historically, MLV-based vectors were used in the initial human gene therapy
trials (114). Gammaretroviruses have a simple genome organization, high transduction
rates, broad tropism and can only infect dividing cells which make them suitable as gene
therapy vector. In multiple clinical trials, including X-linked SCID (115-117), X-linked
chronic granulomatous disease (118) and Wiskott-Aldrich Syndrome (119), but not ADA
deficiencies (114), insertional mutagenesis resulted in the outgrowth of oligoclonal

populations due to trans-activation of proto-oncogenes (120).
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Fig 6. Three models of recombination. This figure is adapted from (109). (A) Strand
displacement-assimilation occurs during plus strand synthesis. It is initiated in
multiple positions and strand displacement produce free DNA tails that could move
into a different strand. (B) Forced-copy choice model shows nascent DNAs
encounter nicked ends; primer strands can associate with homologous regions the
co-packaged genomic RNA. (C) In minus-strand exchange model, nascent minus-
strand DNA is exposed after RNase H template degradation and it is free to pair to

complementary region of the other genomic RNA then DNA synthesis follows.
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These clinical trials showed that integration of MLV vectors can lead to
premalignant clonal expansion that subsequently increased the number of mutations.
There are common insertion sites such as LMOZ2 locus, a proto-oncogene that caused
childhood T-cell leukemia. For some patients in SCID-X1 and WAS trials, T-cell
malignancies were driven by integrations at this locus (121). If the all the SCID-X1, ADA-
deficient SCID and WAS clinical trials are considered, insertions at this locus cannot be
the only pathway towards transformation of T-cells and driving progression of
malignancy (116, 122, 123). There are many insertional mutations found in patients that
increased the complexity in the development of oncogenesis. Many other factors during
treatment can also have influenced progression of oncogenesis in individual patients
such as disease context, patient's genetic background or the MLV vector design
(reviewed in (94))

Genotoxicity of MLV vectors as demonstrated from these past clinical trials have
led to studies to decrease its oncogenic potential. Many alternative approaches have
been developed including using self-inactivating vectors (124) or lentiviral vectors (114).
Another approach is inserting peptides or protein domains that interact to specific region
of the genome to redirect integration (125, 126). Alternatively, addressing the integration
target-site bias of gammaretroviruses to integrate preferentially at promoter/enhancer

regions could alter the oncogenic potential of these vectors (60, 125)
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Objectives/Rational

Disrupting the host protein interactions with retroviral IN decreases the bias of
integrations to regions with high oncogenic potential. In the case of MLV, removing the
C-terminal TP that interacts with the ET domain of BET protein decreased the
integrations significantly at high transcriptionally active regions. These studies were
performed in cell culture to demonstrate the influence of BET proteins with MLV
integration preference. Engineering MLV IN to change integration preference, therefore,
is a strategy to improve MLV as gene therapy vectors. This observation must also be
validated in animal model to consider effects of endogenous elements on retroviral
pathogenesis and address the selective pressure for tumor outgrowth.

This is the first study to demonstrate infection of the replication-competent MLV
without IN TP (IN TP") in a transgenic mouse tumorigenesis model (MYC/Runx2) and
examines the effects on tumorigenesis and the MLV integration profile. The study
highlights the strong selective pressure on MLV to maintain the IN TP, through either
internal deletions or recombination with endogenous retroviruses. MLV IN TP°
integrations in tumors from MYC/Runx2 mice were mapped using next-generation
sequencing (NGS) using ligation mediated PCR and correlated to known binding sites of
BET protein and histone modification ChlP-seq peaks. Additionally, tumor progression
and insertional mutagenesis in MYC/Runx2 mice infected with MLV maintaining the IN
TP" genotype was analyzed. Furthermore, MLV IN TP integrations in human K562 cells
were characterized with respect to different chromatin states and different histone

modification ChiP-seq peaks.
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MATERIALS AND METHODS

Cells lines.

293T cells, 293mCAT cells (expressing mCAT receptor) (30) and D17/pJET cells
(expresses the mCAT-1 receptor) (127) were maintained in Dulbecco's modified Eagle
medium (DMEM; Gibco #11965) supplemented with 10% (vol/vol) heat-inactivated fetal
bovine serum (Atlanta Biologicals # S12450H) and 1x x antibiotic-antimycotic (100
units/mL of penicillin, 100 pg/mL of streptomycin, and 0.25 pg/mL Amphotericin B)
(Gibco #15240). K562 cells were acquired from ATCC (CCL-243) and maintained in
Iscove’s modified Dulbecco’s medium (IMDM, # 12440079) supplemented with 10%

(vol/vol) heat-inactivated fetal bovine serum (Atlanta Biologicals # S12450H).

Plasmids and vectors construction

The replication-competent M-MLV proviral construct pNCA-C (128) and pNCA-C IN-XN
(previously named in6215a (129)), bearing a 23-aa truncation of the IN tail peptide (TP)
of the C-terminal domain (CTD) was previously described (129). To generate a codon-
optimized pNCA-C-TP", a 137 bp gene block (IDT) was chemically synthesized and
amplified using primers NCACXN_Scal6330_rev and NCACXN_Notl6220_fwd.
Overlapping PCR of this fragment with a Scal-Clal fragment from pNCA-C (generated
using primers NCAC_8290 rev and NCACXN_6327_fwd) resulted in a Notl-Clal
fragment, which was exchanged into Notl/Clal digested pNCA-C IN-XN. Generation of
the pNCA-C IN D184N was previously described (130). Sequences of all

oligonucleotides are provided in Table 1.
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DEAE-dextran transient transfection of proviral DNA clones in D17pJET cells.

Transient expression of the pNCA-C based proviral constructs was performed as
previously described (59, 131) using 500 ng pNCA-C based plasmids. Tissue culture
supernatant was monitored for viral spread using enzyme-linked immunosorbent assay
(ELISA) against MLV p30 (132). Cultures were maintained for at least 14 days prior to

analysis.

LacZ viral titer assay

2 x 10° 293T cells were transfected with 0.8 pg pMD2.G (Addgene) expressing the
vesicular stomatitis virus glycoprotein (VSV-G), 0.8 ug pRT43.2Tnlsp-gal (133) a
retroviral packaging vector expressing /lacZ, and 0.8 ug M-MLV viral genome with wild-
type (PNCA-C) or MLV TP" (pNCA-C TP") using Fugene 6 (Promega #E2691) overnight
as directed by the manufacturer (134). Viral supernatant was collected, filtered through
a 0.45 ym syringe and viral particles were quantified using ELISA against the MLV p30
(132). 1x10° cells D17 cells on 3.5-cm gridded plates were infected with media
containing 10 ng of CA in 2 mL DMEM in the presence of 8 uyg/ml polybrene. Medium
was replaced with fresh DMEM after 24 hrs of infection. Cells were stained for LacZ

expression as previously described (135).

Western Blot

Viruses were collected from D17/pJET viral producer cell lines. For CA and Env western
blot, 2 mL of viral supernatant was spun at 15,000 x g for 30 min and the viral pellet was
resuspended in 20 yL phosphate buffer saline (PBS). Samples were run on a 10 %
SDS-PAG and transferred to polyvinyl difluoride (PVDF) membranes using Bio-Rad
Trans-Blot® Turbo™ Transfer System. Immunoblots were developed using goat anti-p30

(CA) (1:2000, 81S-263) and goat anti-Env (1:1000, 80S-019) (Quality Biotech) with
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bovine anti-goat HRP (80S-035-180) as secondary antibody (1:10,000). For IN western
blot, 10 mL of viral supernatant was pelleted at 15,000 x g for 30 min and the proteins
were visualized using 1:1 mix (1:1000) of antiserum from Rabbit 3 and Rabbit 4, Bleed 5

with goat anti rabbit HRP (Pierce #31460) as secondary antibody (1: 5,000) (136).

MLV IN CCD Purification

MLV IN CCD (residues 106-328) was amplified from plasmid pNCA-C by overlapping
PCR to include the C209S mutation (MLV IN CCD1ge.326 C209S). It was cloned into a
pET-15 NESG protein expression vector. Purification was performed based on previous
described methods with certain steps optimized for this protein (137). Bacteria with the
expression vector were grown overnight in LB with carbenicillin and an aliquot was
inoculated in new LB media to make 1:50 dilution in 500 mL. The ODggg was monitored
until absorbance is between 0.6-0.8 then protein expression was induced with 1 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG) at 17°C for 25 hr. Cells were collected and
pelleted by spinning at 6000 rpm for 20 mins. Cells were lysed by solubilization buffer
(50 mM sodium phosphate pH 7.5, 1 M NaCl, 10 mM 3-[(3-Cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS), 1 tablet protease inhibitor, 20 uM
imidazole) and homogenizing the cells with a Dounce homogenizer. Soluble and
insoluble fractions are separated by centrifugation for 12,000 rpm for 70 minutes.
Soluble fraction was bound to pre-equilibrated (in solubulization buffer for 1 hr; 4 mL of
slurry for 500 mL bacterial culture prep) Ni-NTA resin purification (Qiagen # 30250) as
suggested by the manufacturer for 2-4 hrs. The protein:resin solution was transferred
into a purification column and unbound protein flowed through the column. The column
was washed with 20 column volume (CV) of wash buffer (50 mM sodium phosphate pH
7.5, 300 mM NaCl, 10mM CHAPS, 10% glycerol, 50 mM imidazole. 2-step elution was

performed with 2 different concentration of imidazole starting with 200 mM followed by
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400 mM in 10 mL elution buffer (50 mM sodium phosphate pH 7.5, 1 M NaCl, 10%
glycerol, 1 mM 2-mercaptoethanol, immidazole). Zwittergent 3-12 was added into the
eluted protein to a final concentration of 0.5%. Buffer exchange followed to remove
imidazaole and transfer to the cation exchange chromatography buffer (25 mM sodium
phosphate pH 7.5, 100 mM NaCl, 0.5% Zwittergent 3-12). Proteins were loaded into the
HiTrap™ SP HP 1 mL (GE) in AKTA FPLC and eluted with gradient concentration (100
mM to 2 M NaCl) of cation exchange chromatography elution buffer (25 mM sodium
phosphate pH 7.5, 2M NaCl, 0.5% Zwittergent 3-12). Eluted fractions were ran in SDS-
PAG to identify and pool fractions with high amount and purity of protein. Pooled
fractions were concentrated using the Amicon® Ultra-4 Centrifugal Filter Unit-10KDa

cutoff and Amicon® Ultra-2 Centrifugal Filter Unit-10KDa.

Hydrogen-Deuterium Exchange Mass Spectrometry (HDX-MS)

MLV IN CCD1gs-328 C209S was prepared to 1 mg/mL in 50 pL and detergent reduced by
buffer exchange. Sample was submitted to the Rutgers Biological Mass Spectrometry
Faculty for HDX analysis. Previously described method was performed on the protein
sample (138-140). Incubation period with the buffer in 99.96% ?H,O were 10, 100, and
1000 seconds and quenched in 30 ul of 2 M urea, 0.8% formic acid and 50 mM Tris (2-

carboxyethyl) phosphine (TCEP).

Infection of MLV into MYC/Runx2 mice

The MYC/Runx2 transgenic mice are on a C57/BL6 x CBA/Ca strain background.
Infection and maintenance of the mice was as described (141). For WT and mutant
MLV, viruses were obtained from 293mCAT cells to avoid recombination with
endogenous viruses prior to infection. Briefly, virus isolated from tissue culture

supernatant (10° TCID50) was inoculated intraperitoneally into mice within 24 hours of
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birth. Date of Death (DoD) was monitored over a 115-day period (Appendix 1 and 2). For
each mouse, a tissue fragment was thawed from liquid N2, chopped up and incubated in
medium at 37°C for 2-3 hrs. The medium was spun at 1,200 rpm and then filtered
(0.45um) before adding to 293mCAT cells. Cells were cultured for at least 7 days before
harvest for DNA isolation. Amplification of the integrated MLV genomes from the
293mCAT cells was performed using primers 4924 and 7791, previously named 3807
and 6320, respectively (135) (Table). PCR products were cloned using TA cloning.
Individual colonies from mice XN-2, 3, and 35 were selected and sequenced for

presence of the TP coding region.

Detection of mouse DNA.

Genomic DNA isolates from 293mCAT cells were analyzed for mouse DNA
contamination by examining for mouse intracisternal particle A (IAP) and mouse
mitochondrial cyclooxygenase-2 (mCOX2). The primers used were mouse_I|AP_fwd
(ATAATCTGCGCATGAGCCAAGG) and Mouse_IAP_rev
(AGGAAGAACACCACAGACCAG) (142), and primers used for COX2 were
Mouse_mt__COX2_fwd (5' TTC TAC CAG CTG TAA TCC TTA 3) and
Mouse_mt_COX2__rev (5" GTT TTA GGT CGT TTG TTG GGA T 3') (143). PCR

analysis was performed using KOD HotStart.

Single round of infection of K562 cells

Transfection of 293Lenti-X cells using Mirus TransIT®-Lenti transfection reagent with
WT MLV and MLV TP~ along with pMD2.G (Addgene) generated viruses for single
round infection (144). Viruses were quantitated using ELISA as previously described
(132). K562 cells (5x10° cells) were prepared a day prior for infection in 6-well plates. For

WT MLV, 500 ng of p30 measured was added to one well of K562 cells and for MLV IN
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TP", 5000 ng was added. The plate was spinoculated at 1,500 g for 1 hr then incubated
for 4 hrs at 37°C (145). Supernatant was removed and the cells were grown for 24 hrs.

The cells were collected for genomic DNA extraction (see below).

Integration sites quantification

Quantification of integrants within in K562 in genomic DNA was performed by
quantitative PCR using primers in LTR (5-AAGAACAGATGGAACAGCTGAATATG-3’
and 5-GCGAACTGATTGGTTAGTTCAAATAA-3’) and normalized to the human RPPH1
gene (5- CGTGAGTCTGTTCCAAGCTC-3’ and 5-GGGAGGTGAGTTCCCAGAG-3’) to
primers to verify presence of viral integrants. DNA sample (100 ng) were prepared with
PowerUp™ SYBR® Green Master Mix in MicroAmp™ Optical 96-Well Reaction Plate as
recommended by the manufacturer. Samples were loaded and analyzed using the

QuantStudio™ 3 Real-Time PCR System.

Next generation library (NGS) preparation

Genomic DNA from infected mouse tumor, thymus, 293mCAT, and K562 cells were
extracted (QIAGEN #6941) and used to generate libraries for MLV integration sites. The
protocol for library preparation was adapted from (144). Genomic DNA sample (5 pg)
were subjected to two rounds of sonication with the following parameters: duty cycle:
5%; intensity: 3; cycles per burst: 200; time: 80 sec). Purification of DNA for the next
generation library protocol used MinElute Reaction Cleanup kit (Qiagen 28204). The
sonicated DNA was purified and ends of DNA fragments were repaired using End-It™
DNA End-Repair Kit (ER0720) as described in manufacturer’s protocol and purified after.
epaired DNA ends were A-tailed using Klenow Fragment (M0212S) and purified. All kits
were used as described by the manufacturer’s protocol. lllumina linker top and bottom

strands (Table 1) were annealed by heating to 90 °C and slowly cooling to room
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temperature in steps of 1 °C per min. The annealed linkers were ligated with assigned
genomic DNA sample with 3000 U of T4 ligase (M0202M) overnight at 12 °C and
purified. The first round of PCR used a LTR specific primer and linker specific primer
(Table 1) with adapter sequence and primer binding sequence adapted from (144). For
the mouse DNA samples, the MLV_LTR U3 rev primer (5-
GCGTTACTTAAGCTAGCTTGCCAAACCTAC-3) was used (145). For 293mCAT and
K562 cells, MLV_LTR_US5 primer (5-CCTTGGGAGGGTCTCCTCTGAGT-3’) was used.
Four PCR reactions of 100 ng DNA each were setup for each genomic DNA sample with
PCR KOD Hotstart polymerase (Millipore, 71086) under these parameters: One cycle:
98 °C for 2 min; 30 cycles: 98 °C for 15 sec, 60 °C for 30 sec, 70 °C for 45 sec. The
reactions were pooled and purified. The second round of PCR used a second round LTR
specific primer and the same linker specific primers. These second round LTR specific
primers encode for a 6-nucleotide index or barcode sequence compatible for NGS and
also encode adapter sequence for DNA clustering and sequencing primer binding site
(Table 1). Same number of reactions in the first round PCR was set up for the second
round of PCR with the same PCR parameters. All reactions were pooled and purified.
Libraries were sequenced and analyzed at the Molecular Biology Core Facilities at the

Dana-Farber Cancer Institute.

Library quantification

The NGS library were quantified before Illimuna sequencing. These libraries would
contain flanking P5 and P7 flow cell adapters used for sequencing. KAPA library
quantification kit contains KAPA SYBR FAST gqPCR Master Mix (2X), Primer Premix
(10X) (Primer 1 - 5-AATGATACGGCGACCACCGA-3' and Primer 2 - 5-
CAAGCAGAAGACGGCATACGA- 3’) and a set of 6 DNA Standards. Samples were

prepared and data analyzed as recommended in manufacturer’s protocol. AB StepOne
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plus instrument was used and ROX high concentration was included in the reaction as
an internal control. Library concentration was calculated and melting curve analysis
verified size of library fragments and helps differentiate the library from adapter-dimer
and other contaminants. Libraries were sequenced and analyzed at the Molecular

Biology Core Facilities of Dana-Farber Cancer Institute.

Bioinformatic analysis to identify integration sites from NGS library

Bioinformatic analyses of integration sites were performed as described in (146). LTR
and linker sequences are cropped from paired end reads using custom Python scripts,
and the cropped reads to the reference genome (mm10 for mouse samples and hg19 for
libraries from human cell lines) using HISAT2 (147). Results were then filtered to retain
high-quality alignments using SAMtools (148) and unique (deduplicate) integration sites
were extracted and formatted to the browser extensible data (BED) format using custom
Python scripts. Top-targeted MLV integration sites from the tumor samples was
calculated by analyzing the copy number of individual integrants post filtering of high-

quality alignments and prior to deduplication using custom R scripts.

Correlation of integration sites with TSS, CpG islands, Brd4, and histone
modifications

Integration sites obtained from the tumor of uninfected mouse (NC) was considered as
background amplification of the endogenous retroviruses obtained using this pipeline,
and hence integration sites from all tumor samples overlapping with the sites from NC
were computationally removed. BEDtools software suite (149) was then used to
correlate unique integration sites proximal to genomic annotations such as TSS and
CpG islands obtained from the University of California Santa Cruz database

(http://genome.ucsc.edu/cgi-bin/hgTables). Fraction of integration sites enriched at
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chromatin associated with Brd4 binding sites and various histone modifications
(Appendix 3) was also computed using BEDtools suite. Distance of integration sites from
TSS, CpG islands, and Brd4 binding sites were calculated using BEDtools and
histograms comparing the obtained distribution of integrants were plotted using ggplot2

(150).

Analysis of integrations with respect to 15- chromatin segmentation states in
K562 cells

Genomic annotations showing the chromatin state segmentation of K562
(wgEncodeEHO000790) defined by HMM from ENCODE/BROAD was downloaded from
the UCSC genome browser. Custom R scripts were written to segregate the individual
chromosome state definitions from the master file and BEDtools was used to correlate

integration sites within each chromosome states.

Analysis of retroviral integrations overlapping with H3K27ac peaks in mice tumor

H3K27ac ChIP-seq narrow peak files from C57BL/6 mouse thymus were obtained from
ENCODE (project code ENCFF001KYC). Overlap between the H3K27ac peaks and
retroviral insertion sites for each sample were assessed using the R Bioconductor
packages ChlPpeakAnno and GenomicRanges. Distances between H3K27ac peaks and
retroviral insertion sites were mapped using the distanceToNearest() function from the R
Bioconductor package GRanges, then density plots were produced using the ggpubr
and ggplot2 packages. The statistical significance of differences between distances was

assessed using Wilcoxon Rank Sum tests.
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Chromatin profiling of integrations in K562 and enrichment analysis with histone
modification ChiP-seq data

15-state chromatin profiling of integrations of WT MLV and MLV IN TP in K562 cells was
analyzed (151). All available histone modification data for K562 cells (H3K27ac,
H3K9me3, H3K27me3 and H3K36me3, H3K4me3, H2A.Z, H3K9Ac, H3K9mefl,
H3K4me1, H3K79me2, H3K4me2, H3K4me3, Brd4, CTCF) were used for enrichment of
integrations, which is calculated by dividing the number of integrations within a histone
modification peaks (+/- 1 kb) by the number of RIC integrations in that same histone

modification.

Analysis of M-MLV recombination with endogenous retroviruses

Detection of recombination with ERVs utilized primers recognizing M-MLV, polytropic,
xenotropic ERV and the RT_universal_primer (Supplement Table 1) (152). PCR analysis
on genomic DNA of 293mCAT virus infected cells was performed using a combination of
RT universal primer (5 CCTACTCCGAAGACCCCTCGA-3’) and primers specific for
polytropic and xenotropic ERVs (Supplement Table 1) using KOD Hotstart polymerase
(Millipore, 71086) according to suggested parameters. PCR products from the reaction
with RT_Universal_primer and Polytropic_JS5 rev on 293mCAT infected cells from TP"
6, 7 and 9 mice were cloned into pCR4-TOPO vector from TOPO TA kit following the
protocol provided by the manufacturer (Invitrogen, K4575-40). Recombinant plasmids
produced were sequenced using the T3/T7 sequencing primers from the manufacturer,
and 4981_fwd and MLV _IN_159A fwd to determine the 5 recombination junction. PCR
with Polytropic_JS5 fwd and 7791 _reverse primers determined the 3’ recombination
junction for the same 293mCAT samples. PCR analysis on genomic DNA from mice

tumor or thymus samples required a nested PCR. First round PCR used the
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RT_universal_fwd primer and the MLV_LTR_U3_rev primer. Second round of PCR used

a primer pair of 7791_reverse primer and the Polytropic_JS5_ fwd primer.

Amplification of MLV integrants at targeted loci

TP 16 integration-specific primers were designed based on the genomic location of
integrants mapped using next generation sequencing (Supplement table 1). First round
PCR used forward primer at the mouse genomic sequence upstream to the integrant
and MLV_LTR_US3 reverse primer using PrimeStar GXL DNA polymerase (Takara
RO50A) or RT _universal_fwd primer and the TP 16 specific reverse primer at the mouse
genomic sequence downstream to the integrant using KOD HotStart polymerase.
Second round PCR used the same TP16 specific mouse genomic primer and either
primers MLV 20R_reverse or NCAC 6327 _reverse or NCAC 5166_forward. For some
integrants (Hdac6 intron 28 and near Ccnd1), additional single linear amplification PCR

to amplify the first round PCR was included (153).

Mutagenesis of CCD

The three residues (MLV IN E266, L268, Y269) implicated for BET protein binding were
substituted to alanine using overlapping PCR with KOD polymerase (154). PCR of the
first fragment was amplified with primer 102510NdelINteinIN forward and point mutant
specific reverse primer (E266A_rev, L268A rev, Y269A rev) and the second fragment
was amplified using the point mutant specific forward primer (E266A_fwd, L268A_fwd,
Y269A_fwd) and the 102510XholinteinIN1-407 reverse. The overlapping PCR fragment

was introduced into pNCA-C using the Hindlll and Pmll sites.



Table 1. List of oligonucleotide primers

Primer Primer Sequence (5' ->3’) Reference

Virus class specific primers

Polytropic_JS4 rev GCAGCCTCTATACAACCTGGGACGGGAG (152)

Polytropic JS5 rev GCAGCCTCTATACTCCCTGAGACTGCCC (152)

Polytropic JS5 fwd GCAGCCTCTATACTCCCTGAGACTGCCC

Polytropic_JS6_rev ACGGTCTCTATGGTACCTGGGGCTCCCC (152)

Polytropic_IN_fwd TAAAAGCGGCGACAACCCCTCC

Xenotropic JS10 rev ACGGTCTCTATGGTGCCTGGGGCTCCCC (152)

Amphotropic _rev ATTCATGGCTCGTACTCTATGGGTTTTAGC

RT universal fwd CCTACTCCGAAGACCCCTCGA

Moloney MLV primers

MLV LTR U3 rev GCGTTACTTAAGCTAGCTTGCCAAACCTAC

MLV LTR U5 rev CCTTGGGAGGGTCTCCTCTGAGT

MLV _IN_159A fwd

4981 fwd GGCTAGAGGCAACCGGATGG
ccttaaggCCCCCCTTTTTCTGGAGACTAA

7791 rev ATA' (135)

4924 fwd gatatacatatgGCCGTTAAACAGGGA® (135)

6319 rev AGTACTGCTTCGCCCGGCTCCAGTCCTCA

TP'16 integrants-specific

primers

HDAC6_ex3_fwd

TCCAGTACCAACTGGCACTCTTGT

HDAC6_ex3_rev

ATTCTTCTACTAGACAGCGAAAGAGTAGGC

HDACG6_intr28 rev

ATATGGTCTGCCACCATGAAGCCTCTGAA

MAPK13 inr_rev

GTGAAACAGGTCAGGGTCAGCAA

RasGRP1 _rev

ACATTGGTCCTTTGCAGCTTT

CCND1 _rev

AAATTAGGAAGGAGCCTATCGTGT

GNG7_intr_rev

GTCACGGTGCTGTAGGTCATA

TP™ Gene block

GACCATCCTTTGCGGCCGCTAACTGACATG
GCCCGGAGCACCCTGAGCAAGCCTCTTAAG
AACAAAGTGAATCCCCGGGGACCTCTGATC

sequence CCCTTAATTCTTCTGATGCTCAGAGGGGTC
AGTACTGCTTCGCCCGG

TP" gene block cloning primers

NCACXN_Scal6330 rev | CCGGGCGAAGCAGTACTGA

NCACXN Notl6220 fwd | GACCATCCTTTGCGGCCG

NCAC 8290 rev GGCGTTACTTAAGCTAGCTTGCC

NCACXN_ 6327 fwd AGTACTGCTTCGCCCGGCT

Mouse DNA primers

Mouse mt COX2 fwd

TTCTACCAGCTGTAATCCTTA

(143)
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Mouse mt COX2 rev GTTTTAGGTCGTTTGTTGGGAT (143)
Mouse_|AP_fwd ATAATCTGCGCATGAGCCAAGG (142)
Mouse |IAP_rev AGGAAGAACACCACAGACCAG (142)

CCD Mutants primers

102510NdelINteinIN
forward

ggaattccatatgATAGAAAATTCATCACC
CTACACCTCAG

102510XholInteinIN1-
407 reverse

ccggctcgaGGGCCTCGCGGGTTAACC

E266A fwd CCCATGGCCTCACCCCATATGCCATCTTAT
- ATGGGGCACCCCCGCC

E266A rev GGCGGGGGTGCCCCATATAAGATGGCATAT
B GGGGTGAGGCCATGGG

E266K_fwd CCCATGGCCTCACCCCATATAAGATCTTAT

ATGGGGCACCCCCGCC

L268A fwd CATGGCCTCACCCCATATGAGATCGCCTAT
B GGGGCACCCCCG

L268A rev GCGGGGGTGCCCCATAGGCGATCTCATATG
B GGGTGAGGCCAT

Y269A fwd GCCTCACCCCATATGAGATCTTAGCCGGGG
B CACCCCCGC

Y269A rev GCGGGGGTGCCCCGGCTAAGATCTCATATG

GGGTGAGGC

Illumina Linkers

Red — Illumina linker sequence

Linker 1 short strand

5'-P0,~-GTCCCTTAAGCGGAG-NH,-3"

Linker 1 long strand

GTAATACGACTCACTATAGGGCCTCCGCTTAAGGGA

Linker 2 short strand

5'-P0,~-CGAGGCGTCTAATGC-NH,-3"

Linker 2 long strand

GCTATAGCAGCACATCAGTTAGGCATTAGACGCCTCGT

Linker 3 short strand

5'-P0,~-CTATGACGGTGACGC-NH,-3"

Linker 3 long strand

GAGAATCCATGAGTATGCTCACGCGTCACCGTCATAGT

Linker 5 short strand

5'-P0,~-CTGAGACGTCGATGC-NH,-3"

Linker 5 long strand

GATCATGCGAGATACATCTCAGGCATCGACGTCTCAGT

Linker 6 short strand

5'-P0,~-CGATGCGGTAACTGC-NH,-3"

Linker 6 long strand

GTATCTCAACAAGCAGCTTGAGGCAGTTACCGCATCGT

Linker 7 short strand

5'-P0,~-CTAGTACGGAGTCGC-NH,-3"

Linker 7 long strand

GCCATGGAATATGCAATCTGACGCGACTCCGTACTAGT

Linker 8 short strand

5'-P0O,- CGGTGAGCGCATATC-NH,-3"'

Linker 8 long strand

CAACTTGCGTGCAATTAACGAGGATATGCGCTCACCGT
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Linker 9 short strand 5'-PO,- ACGTAGGTGCGCATC-NH,-3"

Linker 9 long strand CAGGATGCGTAATACGAATCTCGATGCGCACCTACGTT
Linker 10 shortstrand | 5'_po,-CCGGTCAGCATAGTG-NH,-3 '

Linker 10 long strand GACTTGAACCGTAGCATCTAAGCACTATGCTGACCGGT
Linker 11 shortstrand | 5'_po,- CTGATACCGGCGTAG-NH,-3'

Linker 11 long strand GAGCCTACGTTACGCAATATAGCTACGCCGGTATCAGT

Linkers specific primers
Blue — adapter sequence
Green — sequencing primer binding site
Red — lllumina linker sequence

Linker

1

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCT
GCTGAACCGCTCTTCCGATCTGTAATACGACTCACTATAG
GGC

Linker

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCT
GCTGAACCGCTCTTCCGATCTGCTATAGCAGCACATCAGT
TAG

Linker

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCT
GCTGAACCGCTCTTCCGATCTGAGAATCCATGAGTATGCT
CAC

Linker

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCT
GCTGAACCGCTCTTCCGATCTGATCATGCGAGATACATCT
CAG

Linker

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCT
GCTGAACCGCTCTTCCGATCTGTATCTCAACAAGCAGCTT
GAG

Linker

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCT
GCTGAACCGCTCTTCCGATCTGCCATGGAATATGCAATCT
GAC

Linker

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCT
GCTGAACCGCTCTTCCGATCTCAACTTGCGTGCAATTAAC
GAG

Linker

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCT
GCTGAACCGCTCTTCCGATCTCAGGATGCGTAATACGAAT
CTC

Linker

10

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCT
GCTGAACCGCTCTTCCGATCTGACTTGAACCGTAGCATCT
AAG

Linker

11

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCT
GCTGAACCGCTCTTCCGATCTGAGCCTACGTTACGCAATA
TAG

MLV LTR U3 second round PCR
Blue — adapter sequence
Green — sequencing primer binding site
Red — unique barcode or index
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MLV U3 LTR Index
Primer - ACTTGA

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTACTTGACCAAACCTACAGGTGG
GGTCTTTC

MLV U3 LTR Index
Primer - GATCAG

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTGATCAGCCAAACCTACAGGTGG
GGTCTTTC

MLV U3 LTR Index
Primer - GGCTAC

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTGGCTACCCAAACCTACAGGTGG
GGTCTTTC

MLV U3 LTR Index
Primer - TAGCTT

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTTAGCTTCCAAACCTACAGGTGG
GGTCTTTC

MLV U3 LTR Index
primer - GTGGCC

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTGTGGCCCCAAACCTACAGGTGG
GGTCTTTC

MLV U3 LTR Index
primer- CGTACG

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTCGTACGCCAAACCTACAGGTGG
GGTCTTTC

MLV U3 LTR Index
primer - GAGTGG

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTGAGTGGCCAAACCTACAGGTGG
GGTCTTTC

MLV U3 LTR Index
primer - ACTGAT

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTACTGATCCAAACCTACAGGTGG
GGTCTTTC

MLV U3 LTR Index
primer - CTTGTA

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTCTTGTACCAAACCTACAGGTGG
GGTCTTTC

MLV U3 LTR Index
primer - ATTCCT

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTATTCCTCCAAACCTACAGGTGG
GGTCTTTC

MLV LTR U5 second round PCR

Blue — adapter sequence

Green — sequencing primer binding site
Red — unique barcode or index

MLV U5 LTR Index
Primer - ACTTGA

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTACTTGATGACTACCCGTCAGCG
GGGGTC

MLV U5 LTR Index
Primer - GATCAG

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTGATCAGTGACTACCCGTCAGCG
GGGGTC

MLV U5 LTR Index
Primer - GGCTAC

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTGGCTACTGACTACCCGTCAGCG
GGGGTC

MLV U5 LTR Index
Primer - TAGCTT

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTTAGCTTTGACTACCCGTCAGCG
GGGGTC

MLV U5 LTR Index
primer - GTGGCC

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTGTGGCCTGACTACCCGTCAGCG
GGGGTC
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MLV U5 LTR Index
primer- CGTACG

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTCGTACGTGACTACCCGTCAGCG
GGGGTC

MLV U5 LTR Index
primer - GAGTGG

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTGAGTGGTGACTACCCGTCAGCG
GGGGTC

MLV U5 LTR Index
primer - ACTGAT

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTACTGATTGACTACCCGTCAGCG
GGGGTC

MLV U5 LTR Index
primer - CTTGTA

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTCTTGTATGACTACCCGTCAGCG
GGGGTC

MLV U5 LTR Index
primer - ATTCCT

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTATTCCTTGACTACCCGTCAGCG
GGGGTC

'Described as primer 6320 in (135); lower case letters are not encoded by virus
’Described as primer 3807 in (135); lower case letters are not encoded by virus
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Experimental Results
Section |. Effects of disrupting MLV IN:BET interaction on tumorigenesis in
MYC/Runx2 mouse model

The strong integration preference of MLV towards transcriptionally active regions
is a consequence of IN:BET protein interactions. The primary known interaction of MLV
with BET protein is between MLV IN CTD TP and ET domain of a BET protein. A
previous study (154) suggested that there are residues in CCD (E266, L268, Y269) that
potentially interacts with BET protein. Alanine mutations of these residues resulted in
loss of interactions with Brd2 protein by co-immunoprecipitation experiments. The results
presented investigates these CCD residues structurally and the effect of alanine
mutations on viral pathogenesis. Finally, the effects of virus lacking the IN TP were

examined using the MYC/Runx2 mouse model.

Structural analysis of MLV IN CCD

The structure of a MLV CCD dimer has not been experimentally defined, although
PFV based molecular model has been generated (59) (Fig 7A and 7B). Knowledge of
the structure of the CCD dimer and, in particular the dimer interface, would provide
insights on the importance of these residues (E266, L268, Y269) on the structural
integrity of IN. Initial research focused on expressing the MLV CCD in bacterial
expression vectors. Some problems encountered in resolving the structure of CCD was
the protein solubility during purification and the protein yield. Purification of MLV IN CCD
was optimized with a construct, MLV IN CCD (residues 106-328) with a C209S mutation.
The C209S mutation removes the odd number of cysteine and improved protein yield
compared to previous purifications performed. Addition of a zwitterionic detergent,
Zwittergent 3-12, with a low concentration of 0.01% help improved solubility of MLV CCD

IN in low salt conditions and can be concentrated up to 7.6 mg/mL (Fig 8A). This protein
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CCD-CTD linker
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Fig 7. MLV IN CCD and PFV IN CCD. (A) Structure based sequence alignment
of PFV IN CCD and MLV IN CCD with secondary structure prediction using
PROMALS3D (155) and displayed using ESPript (156). PFV secondary
structures (red helices) are derived from PFV intasome structure (30S1). MLV
secondary structures (blue helices) are assigned using the homology model of
CCD. (B) Homology model of MLV IN CCD (residues 117-271) dimer was
aligned using PFV intasome (30S1) (59). Residues 266-269 (EILY) in the a6
helix are in red. (C) Pseudobonds (black) between residues L268 and Y269 were
predicted using UCSF Chimera (157).
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Fig 8. Hydrogen deuterium exchange mass spectrometry of MLV IN CCD1ge.
328 C209S. (A) MLV IN CCD was purified using cation exchange chromatography
(HiTrap™ SP HP) (left panel). The fractions are labeled on top and the black
arrows signify MLV IN CCD (MW: ~ 25 kDa). Purified MLV IN CCD is
concentrated and 10 pg is visualized in SDS-PAG. (B) The percentage hydrogen
deuterium exchange shown at 10, 100 and 1000 seconds time points. The heat
map legend (in a black box) corresponds to hydrogen deuterium exchange.
Secondary structures (blue) predicted in the molecular model (59) located on top
for each row protein sequence.
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is a dimer in solution based on analytical gel filtration (AGF) (data not shown). Based on
the molecular model of the CCD dimer, interaction of Y269 and L268 were predicted at
the dimer interface (Fig 7B).

A solution-based study using hydrogen deuterium exchange and mass spectrometry
(HDX-MS) was performed on MLV IN CCD1g.328 C209S to define structured regions of
the protein dimer. The qualitative deuterium exchange pattern showed high exchange for
most of the protein including regions with predicted secondary structures (Fig 8B). It can
be indicative of low quality HDX-MS analysis. The residues EILY 36269 have 30-80%
deuterium exchange over the time course (10s-1000s), which implies that this region is
more structured than regions with 100% exchange after 10s (Fig 8B). Furthermore,
these residues are located in the predicted a-6 of MLV CCD dimer. This is supportive of

the possible interaction between Y269 and L268 at the dimer interface (Fig 7B).

Mutational analysis of MLV IN CCD residues implicated with BET interaction

It was of interest to further examine the effects of these putative IN CCD mutations
proposed to be involved in IN:BET protein interactions on integration. However, MLV
bearing IN E266A, IN L268A, and IN Y269A were equivalent to the catalytically inactive
IN D184N active site mutant (Fig 9A). Thus, tissue culture and animal studies with
these viruses are not possible. These mutations were also introduced into full length IN
in a pET15 NESG to observe effects in protein multimerization but experiments were not

performed.

Initial study on M-MLYV replication competent IN XN virus
Previous in vitro studies of MLV virus bearing truncation of the IN CTD TP indicated
these viruses had decreased bias towards integration into CpG islands and TSS (158),

due to the loss of interaction with the host BET proteins.
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Fig 9. Viral characteristics of MLV IN TP" in cell culture and in the
MYC/Runx2 mice model. (A) LacZ titers of the various IN mutants constructs:
WT MLV (black), MLV IN-XN (dark red), MLV IN-TP" (blue), IN CCD mutants
(green), and IN - D184N (orange). Dunnett's Multiple comparison test:
****P<0.0001, n.s = no significance. Error bars indicate SEM; n=3. (B) Viral
spread of MLV IN mutants and WT MLV in D17/pJET measured by p30 (CA)
released into media. Proviral DNA was transiently introduced into cells using
DEAE dextran. Viral supernatants were collected at the indicated days and
levels of CA were detected by ELISA (132). (C) Survival curves of MYC/Runx2
mice infected neonatally with MLV IN-XN. WT MLV (solid black, MLV IN-XN
(dashed brown), uninfected (solid orange). Log-rank test survival curve
comparisons: MLV WT (n=30) vs. MLV IN-XN (n=40) P=0.0889; MLV WT vs.
uninfected (n=36), ***P<0.0001; MLV IN-XN vs. uninfected, **P<0.0021 (G)
Survival curves of MYC/Runx2 with infected neonatally with MLV IN TP, WT
MLV (black, MLV IN TP" (blue), uninfected (orange). Log-rank test survival curve
comparisons: MLV WT (n=30) vs. uninfected (n=36) = ****P<0.0001; MLV WT
vs. MLV IN TP" (n=23), *P=0.0061; MLV IN TP" vs. uninfected, P=0.2632
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A
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WT MLV CCCGGGGGTGGACCATCCT———m———— CTAGACTGACATGGCGCGTTCAACGCTCTCAAAA
MLV IN XN CCCGGGGGTGGACCATCCTTTGCGGCCGCAAACEIEICATGGCGCGTTCAACGCTCTCAAAA
XN35, Revertant 1 (A5) CCCGGGGGTGGAC-———— TTTGCGGCCGCAAACTGACATGGCGCGTCCAACGCTCTCAAAA
XN3, Revertant 2 (A20) CCCGG---————————————————— CCGCAAACTGACATGGCGCGTTCAACGCTCTCAAAA
C SH3 fold

WT MLV HAAHVKAADPGGGPSSR————— LTWRVQRSQNPLK IRLTREAP

MLV IN XN HAAHVKAADPGGGPSFAAAN

XN35,Revertant 1 (A5) HAAHVKAADPGGG—---LCGRKLTWRVQRSQNPLK IRLTREAP

XN3, Revertant 2 (A20) HAAHVKAADP——-——-——— GRKLTWRVQRSQNPLK IRLTREAP

Fig 10. MLV IN without TP" constructs and viral revertants. (A) Alignment of
the three MLV IN constructs, WT MLV, MLV IN-XN and MLV IN TP in the
overlap region of IN TP (pink) and Env (orange) reading frames. Black boxes
represent stop codons. (B) Viral revertants identified in MYC/Runx2 tumors
infected with MLV IN-XN. 3’ terminus of IN is aligned with the region
corresponding to the IN (black bar) and IN TP (pink) indicated. Not1 linker
insertion (129) generating the IN-XN is indicated in red. Deletions (A5 and A20)
with respect to IN-XN are indicated by dash lines. Premature TGA stop codon
for IN-XN is shown with the black box. (C) Protein alignment of WT MLV, MLV
IN-XN and IN revertants. Deletions were localized between the SH3 fold (blue)
and the TP (pink) of IN.
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The MLV IN TP region is overlapping with the env coding sequences in alternative
open reading frames. In order to analyze the effects of M-MLV virus bearing truncations
of the IN C-terminus in the mouse model, replication competent viruses were needed
that terminated the IN protein without altering the expression of the ecotropic M-MLV
Env. Initial experiments were performed using the pNCA-C IN-XN construct (129),
which truncated the C-terminal 23 aa and maintained a viral titer in 293T cells within 2
fold of WT IN (60). The IN-XN construct was generated by a linker-insertion that creates
a stop codon within IN upstream of the env coding region and results in a frame-shift of
the sequence encoding the IN C-terminal region (Fig 10). The effects of virus lacking
the BET interaction domain within the IN TP were examined within the mouse
MYC/Runx2 model. This model is beneficial, in that lymphomas form within 36 days, and
are accelerated by the insertional mutagenesis of M-MLV at known CIS by
approximately 10 days (90). Survival experiments in the MYC/Runx2 mouse model,
infecting with WT M-MLV, MLV IN-XN and comparing to an uninfected control, were
performed by injecting MLV virus neonatally and then recording the Date of Death (DoD)
over a 115-day period (Appendix 1). The survival curves of WT (n=30) and IN-XN (n=40)
mice did not show statistical significance to each other (P=0.089) using the Log-rank test
test but both showed significantly significant differences using the same test to the
uninfected control (****P<0.0001, **P<0.0021 respectively) (Fig 9C). Median survival
times of WT and IN-XN virus were 35 and 43 days, respectively, and both succumbed to
tumors significantly faster than the uninfected control (median survival 54 days). To
investigate further, IN-XN virus isolated from the tumors of three infected mice was
introduced into 293mCAT cells, human cells expressing the mouse ecotropic receptor
(30), which facilitated the isolation of infectious virus in the absence of endogenous
mouse viruses. Remarkably, the viruses transferred to 293mCAT cells from two

independent mice (XN3; DoD 30d and XN35; DoD 70d), harbored deletions of 20 and 5
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bases, respectively (Fig 10B). These deletions removed the IN stop codon and restored
the IN C-terminus, encoded in an alternate reading frame, onto the IN protein (Fig 10C).
Functionally, such deletions alter the spacing between the IN CTD SH3 fold and the
region of the C-terminus that becomes structured upon binding to the host Brd ET
domain (Fig 10C) (60). DNA from the XN2 mouse (DoD=41d) maintained the IN-XN

genotype.

Generation and characterization of M-MLYV replication competent IN TP" virus

In order to eliminate the possibility of small deletions restoring the IN tail peptide onto
the IN protein, a second construct, pPNCA-C TP". The construct design eliminated the
coding potential of IN TP within the env overlapping region and incorporated multiple
stop codons into the non-env reading frames (Fig 10A). Single round infection into D17
cells for lacZ transfer confirmed that the MLV IN TP" produces the same viral titer as
MLV IN-XN, showing in this assay, a 10-fold decrease compared with the wild-type (WT)
MLV (Fig 9A). Titers of both MLV IN-XN and TP~ were 10° fold higher than the IN mutant
in the catalytic triad (D184N) (130).

Viral passage of IN-XN and TP" in D17/pJET, expressing the ecotropic mCAT
receptor (127) displayed similar time course of infection, with viral CA detected in the
media at day 5, a delay of 2 days from the WT MLV (Fig 9B). Viral competency was
further confirmed by western blot analysis of CA, IN, Env proteins associated with viral
particles released from D17/pJET viral producer cell lines (Fig 11). Env (74 kDa) and CA
(30 kDa) are expressed in both MLV IN TP and WT MLV viral particles. The truncation
of the IN TP was stable after passage in tissue culture (Fig 11, lane 1), maintaining the
predicted decreased molecular weight compared with WT IN (Fig 11, lane 2). No viral
proteins (Env, CA and IN) were detected in the replication defective pNCA-C IN D184N

virus (Fig 11, lane 3).
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Having verified that the MLV IN TP" virus was replication competent and that the
truncation was stable, survival experiments were performed in Myc/Runx2 mice to
determine if this optimized construct affected tumorigenesis (Fig 9D) (Appendix 2). As
previously reported (141), the mice infected with WT MLV exhibited significantly poorer
survival than the uninfected controls (Log-rank test: ****P<0.0001; Fig 1G). Interestingly,
the survival curve of MLV IN TP infected mice (n=23) showed no significant differences
(P=0.2632) from that of the uninfected mice (n=36), in contrast to the observed curve for
the MLV IN XN virus (Fig 9C). Of note, the survival curve for IN TP" shows a biphasic
trend, with one third of the mice displaying early tumors. Additionally, all of the IN TP"
mice were deceased by day 72, while the uninfected mice survived until day 115. The
median survival for mice infected with WT MLV or MLV IN TP" and uninfected mice was
35, 50, and 53 days, respectively. These observed phenotypical differences suggest that

MLV IN TP’ delayed tumorigenesis in the mice model.
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Fig 11. Western blot analysis of MLV virus-associated proteins. DNA of
proviral DNA constructs (pPNCA-C) encoding WT, IN TP and IN D184N were
transiently introduced into D17/pJET cells using DEAE dextran, passaged for 14
days to allow viral spread and viral supernatants were collected, pelleted by
centrifugation and analyzed by PAG and western blot using anti-SU (80S-019),
anti-CA (81S-263) and anti-IN antibodies (136). Supernatants from D17/pJET
cells were used as a negative control. Positions of the protein standards are
indicated at the left. Predicted MW of the WT MLV viral proteins are SU (75
kDa), CA (30 kDa) and IN (45 kDa).
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Discussion

The discovery that the MLV IN protein interacts with host BET proteins, directing
integration into sites of active expression marked by acetylated chromatin, gave rise to
the question of whether the loss of the MLV BET binding site would affect the
pathogenesis of the virus. Co-immunoprecipitation studies with IN CCD mutations
included it as a potential BET secondary interaction where viral competency hasn’t been
analyzed.

The possible role IN CCD in BET interaction was investigated in this study
specifically the three amino acids E266, L268, and Y269 described previously (154).
Molecular modeling indicates that these positions are located in the predicted MLV CCD
a6 helix (264-270) and are close to the CCD dimer interface (Fig 7B). The model shows
close proximity of the Y269 and L268 between monomers and thus alanine mutations of
L268, and Y269 could result in disruption of CCD multimerization. HDX analysis showed
that these residues are in fact in a relatively structured region of CCD dimer therefore
could be evidence that these residues are involved in dimer interface of CCD.

A common problem encountered in HDX-MS is the loss of the deuterium labeling or
back-exchange in H,O during sample preparation. If the quenching of H/D exchange is
not efficient, sites that have taken up deuterium will exchange with H,O during the
proteolysis and peptide separation phases of sample preparation. In this case, dynamic
regions will be artificially mislabeled with low deuterium exchange and interpreted as
structured region (140, 159). This is not what we observe for the qualitative deuterium
exchange pattern of IN CCD C209S HDX-MS analysis. Such back-exchange can’t
explain high deuterium exchange in predicted structured regions (blue arrows, Fig
8B). Possible other explanations for the unexpectedly high amount of amide proton
exchange in this construct include improper quenching or sample

handling, resulting in extensive exchange to deuterium before proteolysis (140, 160).
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Alternatively, the protein couldin factbe partly wunfolded once the
detergent concentration was reduced for the HDX-MS experiment. Both scenarios could
cause apparent high or complete exchange at 10 seconds in polypeptide regions with
predicted secondary structures. This high exchange of deuterium observed in
polypeptide regions which we expect to be well-ordered reduces our confidence in
the reliability of this HDX-MS analysis. Repeating this experiment would provide a more
definitive evidence of the structural dynamics of the MLV CCD dimer.

We have analyzed these mutants in the context of single-round infection using lacZ
transfer, which indicated that all three of these individual mutants resulted in viral titers
equivalent to the IN catalytic mutant D184N (Fig 9A and data not shown). Regardless of
the mechanism, the lack of viral titer eliminates these constructs for analysis of target
site selection in tissue culture or within the mouse model.

Disruption of the BET interaction was investigated by infection in MYC/Runx2 mice, a
transgenic model displaying rapid tumor formation that is further accelerated by MLV
infection insertion (99, 100, 141), with MLV lacking the IN tail peptide. Globally, the
infection time course for the IN TP series showed a biphasic DoD curve, with 1/3 of the
mice developing tumors early, as with WT infection, and 2/3 of the mice developing
tumors later, paralleling the uninfected MYC/Runx2 control mice.

These results highlight the strong bias within the mouse to maintain the presence of
the IN-TP. Interestingly, the TP region in encoded within the region overlapping with the
Env signal peptide, yet the codon bias within 4070A MLV is maintained towards the IN
reading frame (161). Sequence conservation between gammaretroviruses identified the
conserved sequence W(X7)PLK(I/L)R within the TP (60). From our studies, the initial
viruses (MLV IN-XN) emerging from the tumors indicated that the selective pressures
restored the TP through deletion mutations within the virus coding region, removing a

small putative linker region within the IN C-terminus to restore the tail peptide encoded in
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an alternative reading frame. When this option was removed, through optimizing codon
usage for the IN/Env region towards the env sequence, thereby destroying the coding
potential of the TP, the circulating virus detected restored the TP through recombination
with the endogenous polytropic viruses, with cross-over junctions within the IN and Env
coding regions.

The deletion mutations that restore the BET interacting domain onto the IN-XN
construct identify a linker region between the IN CTD SH3 fold and the IN BET ET
domain. The IN SH3 fold has been defined structurally by NMR to extend through the
KAADPG sequence (59), which is in agreement with IN truncation studies of the MLV IN
(129, 162), where truncations after KAADP are viable. The region after the SH3 fold that
that includes the linker region and IN TP is considered as an intrinsic disordered region
based on NMR analysis. When IN TP interacts with ET domain, it becomes structured
and the linker region provides flexibility for the complex. IN W390 is required for tight
binding to BET proteins (60, 70). After passage in mice, the spacing between the IN
SH3 and TP domains is reduced from nine amino acids (GGGPSSRLT) to 3 amino acids
(GRK), two of which are not normally encoded by the IN protein. This indicates that the
length of this linker region as well as the composition of the amino acids between the IN
SH3 fold and the BET binding site can be substantially altered and maintain virus

viability in vivo.
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Section Il. Analysis of integrations and recombination in mice tumor

Analysis of WT AND IN TP" MLV integration preference at TSS and CpG islands in
MYC/Runx2 mice

Previous studies have shown that truncation of IN TP decreases preferential
integration at TSS and CpG islands by >50% in tissue culture (60, 70), and experiments
were performed to determine if this was also the case in the MYC/Runx2 mouse. Fig 12
outlines the overall workflow for analysis of IN TP virus integration sites. WT IN and IN
TP" virus integration sites were mapped from genomic DNA samples from MYC/Runx2
mouse tumors using ligation-mediated PCR (LM-PCR) and next generation sequencing
(NGS) (Table 1). Libraries were generated from tumors from 4 representative mice
infected with WT MLV (WTB6, 8, 10, and 12) and 5 representative mice infected with MLV
IN TP (TP4, 6, 7, 9, and 16) and integrantion sites were mapped as described in
Materials and Methods (Table 1). Integration sites mapping to +/- 1 kb from TSS and
CpG islands were noted, as described previously (163). Integration around TSSs and
CpG islands was 11.8-13.4% and 11.9-14.3%, respectively, for WT tumors. Surprisingly,
tumors from 4 of the 5 MYC/Runx2 mice infected with MLV IN TP" that were analyzed
(TP4, 6, 7, and 9) showed similar preferential integration at TSSs and CpG islands to
the WT IN (10.2-11.9% and 11.3-13.4% respectively). In contrast, TP16 tumor
integration at TSSs and CpG islands were markedly lower from that observed in both the
other IN TP" and the WT MLV infected tumors.

The TP16 and WT mice had the same DoD (day 34), and so samples from these
tumors were compared. Considering integrations at TSSs /CpG islands, TP*16 integrants
were statistically different from WTG6 integrants (Appendix 4, Fisher’s test, P< 0.001),
with MLV IN TP™16 displaying 7.3% and 6.3% of its integrations at TSSs and CpG

islands, respectively, compared to 13.4 % and 13.5%, respectively, for WT6.
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Fig 12. MYC/Runx2 mice and K562 cells studies workflow. Schematic of
experiments performed with the MYC/Runx2 mice (top panel) and K562 cells
(bottom panel). Details of each experiment are found in Materials and Methods.



Table 2. MLV integration site mapping of WT MLV and MLV IN TP" tumors from

MYC/Runx2 mice

Day of Death (DoD) Unique sites TSS +/- 1kb (%) CpG +/- 1kb (%)

WT6 34 17527 2352 (13.4) 2369 (13.5)
WT8 36 4605 549 (11.9) 547 (11.9)
WT10 30 5721 678 (11.8) 697 (12.2)
WT12 50 1474 181 (12.3) 211 (14.3)
TP4 57 3565 427 (11.9) 477 (13.4)
TP6 37 2402 274 (11.4) 282 (11.7)
TP7 37 8139 912 (11.2) 986 (12.1)
TP9 63 1641 169 (10.2) 186 (11.3)
TP 16 34 536 39 (7.3) 34 (6.3)
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Furthermore, when comparing TP16 integrations with the mean integration level
across all WT tumors (12.4% + 0.354 and 12.9% £ 0.570 for TSSs and CpG islands,
respectively), TP16 integrations at these sites decreased 1.7- and 2.0-fold |,
respectively, compared to WT virus. Thus, while MLV TP™16 retained the expected
phenotype on loss of IN TP, insertions from tumors TP4, 6, 7, and 9 were more similar
to the WT virus. Unlike the IN-XN construct, the IN TP construct cannot revert to
functional IN through deletions in the viral genome; however, recombination with

endogenous retroviruses could have restored the IN TP in tumors from TP4, 6, 7, and 9.

Detection of recombination of M-MLV with ERVs

To verify the stability of the IN TP™ and to identify the cause of the TP 4, 6, 7, and 9
behaving similar to WT virus, the samples were analyzed for the presence of
recombination with endogenous retroviruses (ERVs). Recombinants were detected
using PCR analysis with primer pairs that include a primer for each of three different
classes (amphotropic, polytropic, and xenotropic) of known ERVs and an M-MLV primer
(Fig 13, Table 1, (103)). Amphotropic Env primers were used in the analysis as a control
for amplification of other laboratory constructs (142).

To facilitate this analysis, infectious virus was isolated from tumor cells and used to
infect human 293mCAT cells, which express the mouse ecotropic virus receptor.
Polytropic, amphotropic and xenotropic MLV can also infect this cell line. Transferring
the virus to 293T cells eliminates the potential for background amplification products
from murine ERVs. PCR analysis of the IN/env region of MLV TP4, 6, 7, 9, 16 is shown
in Fig 14, using the primers specified in Table 1. Viral IN was successfully detected by
PCR in MLV TP6, 7, and 9 using an RT_universal_fwd primer and two independent

polytropic-specific reverse primers (Polytropic_JS4 rev and Polytropic_JS5_rev)
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Fig 13. Scheme of the MLV genome and primers. Diagram of the 3’ terminal
half of the MLV genome, encoding pol (black line), env (grey line) and the LTR
(blue box). Individual subdomains of the IN and Env proteins are indicated: NTR
(61), N-terminal region; CCD, catalytic core domain; CTD, C-terminal domain;
TP, Tail peptide; TM, transmembrane protein. Primer in blue box is a MLV
universal primer located in RT, which hybridizes within a sequence conserved
between known ecotropic, amphotropic, polytropic and xenotropic MLV. Primers
in pink boxes are endogenous retrovirus (ERV) specific primers. M-MLV specific
primers are labeled.
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Fig 14. PCR for MLV recombinants from mice tumors. Representative
agarose gels for MLV recombinant detection with universal RT primer and (A)
polytropic primer (JS4) or (B) polytropic (JS5) primer. (C) Xenotropic primer (D)
Ampotropic primer. These reverse primers are located in the SU or TM regions of
the Env.
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(Fig 13). The 293mCAT DNA were negative for mouse contamination using PCR for
intracisternal particle A (IAP) and mouse mitochondrial cyclooxygenase-
2cyclooxygenase-2 (mCOX2) DNA sequences (Fig 15AB). PCR using either the
Amphotropic_rev or the Xenotropic_JS10_rev reverse primers in conjunction with the
RT_universal_fwd primer detected only MLV TP"9 (data not shown), and the quality and
quantity of this product was insufficient for subsequent sequencing and analysis.

For these studies, it is of high interest to define the crossover junctions within
recombinants, as they directly address the restoration of the IN TP and the receptor
recognition of the subsequent virus. To further analyze the M-MLV/polytropic ERV
recombinants extracted from mice TP6, 7, and 9, TA cloning was used to determine the
unique 5’ junction point for each virus (Fig 16A-B). The 3’ junction could be determined
by sequencing the PCR products described above using Polytropic_JS5 forward primer
and 7791_reverse primer. The polytropic ERV (P-ERV) DNA segments from TP-6, 7 and
9 had close homology to the P-ERV Pmv20 (110). The 5 junction points for the
recombinants were found to be within the IN region, and the 3’ junction points were in
the C-terminus of the surface (SU) portion of the Env gene. In sum, the segments that
recombined into the M-MLV virus contain the WT IN TP sequence, resulting in the
expression of full-length IN during viral spread in the mice.

Having shown that recombination had occurred in some of the mice infected with
MLV IN TP", tumors from other mice with early DoD were investigated to see if
recombination events had occurred. Tumor DNA samples from MLV IN TP 4, 12, 13, 15,
16, 17, 18, and 19 were thus analyzed by nested PCR. The primary PCR product was
generated using a forward primer that hybridized to all MLV classes (RT_universal_fwd)
and a reverse M-MLV primer (MLV_LTR_U3_rev) that amplifies 3° M-MLV DNA
sequences including IN and Env. For the second round, polytropic recombinants were

detected using a Polytropic_JS5_ fwd primer and an M-MLV reverse primer (7791_rev)
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Fig 15. Detection of mouse DNA contamination in viral infected human cell
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Fig 16. Recombinants in MLV IN TP16 tumors and 293mCAT cells infected
with tumor derived viruses. (A) Diagram of the breakpoints of the
recombinants in pol and env region. The three regions where breakpoints were
localized are indicated; region 1 (green), region 2 (blue) and region 3 (salmon).
Recombinants isolated from mouse tumors and infected 293mCAT cells are
grouped as indicated. Segments with homology to Pmv20 are indicated in grey
and M-MLYV is indicated in black. For infected 293mCAT cells, primers used to
identify the recombinants are in Fig13. For recombinants identified in tumors, the
nested PCR primers used to identify the 3’ breakpoints are shown in the diagram.
The dashed black line indicates undetermined 5 junction point for those
revertants. (B) The breakpoints of recombinants on the alignment of the M-MLV
and Pmv20 are shown and arranged by region. Previously reported
recombinants (110) are indicated in black boxes in region 1 and region 3 (PTV-
1). Coloring of the three regions are as indicated in panel 16A. Crossover
regions within individual tumors are labeled.
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(Fig 16A, bottom). Recombinant viruses were detected in tumor samples TP4, 15, 18
and 19, and were successfully sequenced and analyzed for 3’ junction points (Fig 16B).
However, 5’ junctions were not identified in these recombinants. As above, the polytropic
segment of these recombinants was homologous to Pmv20. The identified 3’ junction
points for the TP" recombinants were variously distributed throughout the C-terminus of
the Env SU region, as shown in Fig 16B (region 3; bottom). The 3’ junctions of TP'9 and
TP18 were indistinguishable in this analysis.

The recombinants identified within the IN (Region 1) had junction points unique from
the MCF247, M965 and C58v2 isolates identified previously (Fig 16B, black boxes)
(110). Similarly, within Region 3, the crossover for TP-7 is related to the cross-over
junction identified for PTV-1 (110). However, the presence of recombination did not
correlate with tumorigenesis in the MYC/Runx2 mouse. This is exemplified when
comparing the TP16 tumor, which had a DoD of 34 days and no detectable
recombinants in any of its DNA samples, with TP 4, 6 and 9, which all had recombinant

virus and DoDs of 50, 57 and 63 days, respectively.

The integration profile of MLV IN TP™16 is distinct from that of MLV WT.

Analysis of integrated MLV IN TP"16 within tumor DNA did not detect recombination
with ERVs and indicated less viral integrations at TSSs and CpG islands (Table 2). To
investigate further, viruses extracted from this tumor were used to infect 293mCAT cells
and NGS integration site analysis was performed after 14 days. The MLV IN TP 16
integration profile in 293MCAT cells paralleled that seen during viral spread following
plasmid transfection with MLV IN-XN (Table 3) (Fig17) Cumulatively, this indicates that

the viral population from the TP™16 tumor maintained the MLV IN TP" genotype as it
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Table 3. Comparison of integration sites in 293mCAT cells of MLV IN XN and MLV
IN TP derived from TP'16 mouse viruses.

Unique sites TSS+/-1kb (%) CpG+/- 1kb (%)
WT® 64828 14208 (21.9 ) 18864 (29.1)
IN XN® 37638 2029 (5.4) 3171 (8.4)
IN TP 16° 47093 2959 (6.28) 4541(9.6)
MRC 10000 169 (1.69) 270 (2.7)

Viral spread through the plasmid transfection
®Viral spread by infection of viruses extracted from mice
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spread within the mouse. A more detailed comparison of integration site preference of
the WT6 and TP™16 tumors, which share a DoD of 34 days, is presented in Fig 17. The
WT MLV integrants are symmetric around the TSS (black, Fig 17A left), in contrast to the
non-infected control (NC, orange Fig 17A right). While the TP16 integrants are
concentrated around the TSS, this distribution is asymmetric and more dispersed than in
the WT6 tumor (Fig 17A blue, center) with secondary integration peaks +/-8 kb from
TSSs. Integration profile of MLV IN-XN viral spread via plasmid transfection was also
compared to the integration profile of 293mCAT infection of viruses derived from TP 16
tumor (Fig17 B). Both profile show the same percent integrants at TSS and symmetric
distribution. Some limited ChlP-Seq data is available for mouse BET proteins, and
integration of WT6 and TP™16 virus at Brd4 binding sites was considered (data taken
from ENCODE ID GSM1262345, murine AML MLL-AF9/NrasG12D cells) (Fig 18A).
Interestingly, an approximately 20% decrease of MLV IN TP16 sites was observed at
Brd4 sites, as compared to MLV WT6 (Fig 18A). Furthermore, approximately 50% less
TP-16 integrations were observed +/- 1 kb from the histone modifications H3K4me1 and
H3K4me3 when compared to WT6 (ENCODE IDs ENCSR000CCI and ENCSR000CCJ,
respectively), and were at a level that was comparable with the non-infected control (NC)
(Fig 18B). H3K4me1 and H3K4me3 are considered MLV supermarkers (164), with
H3K4me3 being associated with nucleosome-bound BET proteins (165).

In addition to the histone marks studied above, BET proteins are highly associated
with active enhancer features, specifically acetylated histone tails. In the human
lymphoma cell line Ly1 DLBCL, 79.1% of H3K27Ac sites overlap with Brd4 and 92.2% of
chromatin bound Brd4 sites are at regions with the H3K27Ac active enhancer histone
mark (166). MLV integrations are reported to be highly enriched at H3K27Ac sites (69,

76, 154, 167). Analysis of the overlap between MLV WT6 SITES with H3K27Ac peaks
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Fig 17. Comparison of MLV integration profiles of IN TP16 with WT6 mouse
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(ENCODE ID ENCFF001KYG) (Fig 18C) showed that 31.4% of integrants were at
H3K27Ac sites, although this was markedly reduced with MLV IN TP16 RISs, which
exhibited 12.8% overlap. Furthermore, the distribution of the distance between RISs and
the nearest H3K27Ac peak was significantly broader for TP*16 than for the cumulative
RISs from all WT tumors (Wilcoxon Rank Sum, p<2.2e-16; Fig 18D). All of the WT
samples had similar percent overlaps (31.2% for WT8, 35.3% for WT10, 37.1% for
WT12) (Table 4). IN TP16 has significantly less percent overlap from the WT average
according to 1 sample t-test (p = 0.000367). Overall, these tumor integration profiles
indicate that TP"16 RISs are generally located further away from promoter and active
enhancers than those of WT MLV.

Viruses extracted from MLV IN TP16 tumor were used to infect 293mCAT cells and
integration site analysis was performed after 14 days. The integration profile in
293mCATs for MLV IN TP™16 paralleled that of MLV IN-XN in tissue culture (Table 3, Fig
17B) therefore the same phenotype with respect from TSSs. Overall, these integration
profiles from the tumors indicate that the viral population from the TP™16 tumor
maintained the MLV IN TP" genotype within the mouse and that the integrants are

distributed further away from promoter and active enhancers compared to the WT MLV.

The top copy nhumber RISs from MLV IN TP" target known MLV integration CIS
Table 5 lists the top six copy number RISs present in the IN TP"16 tumors, which
represent the predominant integrants during clonal expansion in the tumor (90).
Significantly, four of the top six are in three WT MLV common integration sites identified
previously in the MYC/Runx2 mouse (Mapk13, Ccnd1, Hdac6) (90). Ccnd1 is
significantly upregulated in this tumor model compared to normal thymus, and Rasgrp1
and Hdac6 are two of the most frequent CIS targets previously identified (90). The

genomic positions of the TP™16 RISs from this study at these three genes in the mouse



Table 4. Percent overlap of RISs from mouse tumor and H3K27Ac pea
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Total Number of RISs
Unique H3K27Ac overlapping with % RISs overlapping
Samples  sites peaks H3K27Ac peaks with H3K27Ac peaks
WT6 14049 34687 4414 31.4
WT8 4319 34687 1348 31.2
WT10 5043 34687 1779 35.3
WT12 1422 34687 528 371
TP4 3366 34687 1125 33.4
TP6 2370 34687 724 30.5
TP7 7544 34687 1808 24.0
TP9 1601 34687 427 26.7
TP16 579 34687 74 12.8




Table 5. Top 6 copy nhumber RISs of MLV IN TP16 tumor

Strand(-/+) Integrant position
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Copy number |

*Hdac6 (exon 2) - chrX exon 7946933 62,234
*Hdacé (intron) - chrX intron 7930719 23,787
Mapk13 + chr17 intron 28773031 54,637
*Rasgrp1 - chr2 intergenic | 117,434,635 12,930
*Cend1 - chr7 Intergenic | 144940638 19,122
Gng7 - chr10 intron 80957684 16,963

* MLV CIS genes
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Fig 19. Analysis of the top six copy number RIS within the IN TP16 tumor.
(A) Orientation bias of RIS in three CIS genes: Hdac6 (black), Ccnd1 (purple),
Rasgrp1 (green). The exons and introns are represented in boxes and lines with
arrow that show strand orientation respectively. RIS is represented by a vertical
bar and differentially colored based on orientation (blue forward, red reverse)
relative to the plus-strand DNA. Gene structures are derived from Integrated
Genome Browser (mm10). () denotes the top copy number RIS (B) Diagram
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of the TP16 RISs relative to the closest CIS gene. The integrated MLV is
depicted in grey, with LTR indicated in blue. Coding regions of CIS are
represented as in panel A. Intergenic regions are represented in dashed lines.
Direction and distance between 5’ LTR and TSS is indicated. IN genes verified
to maintain the TP" phenotype are indicated. (C) Schematic diagram of the
nested PCR utilized to isolate the RIS from mouse tumor DNA. Primers used in
the first and second round of PCR are included in the diagram. RIS specific
primers were designed based on mouse genome (mm10). Sequences of all
oligonucleotides are described in Table 1.



71

is shown schematically in Figs. 19A and 19B. Remarkably, insertions at all three genes
show an orientation bias towards the sense direction. For Ccnd1 and Rasgrp1, this
orientation bias is antisense to the host gene transcription, which is consistent with
enhancer insertional activation reported previously (93, 95, 168) Interestingly, the
Rasgrp1 cluster of integrations map >91 kb upstream of the Rasgrp1 promoter, whereas
for Ccnd1, the high copy number insert is located 791 bp from the promoter (black
triangle, Fig 19A). It is striking that two independent insertions in Hdac6 were highly
abundant, and both were intragenic; the first disrupted exon 2 at the N- terminus of the
protein, while the second was located within the intron spanning exons 28 and 29.

It was of considerable interest to verify that the MLV inserted at these three genes
maintained the IN TP" genotype. Based on the known insertion site, a nested PCR was
developed to allow amplification of the IN gene through the specific host junction (Fig
19C and Table 3). Sequencing of the resulting PCR products verified that all four
insertions at Hdac6 (2 insertions), Ccnd1, and Rasgrp1 maintained the parental IN TP"
mutation. Interestingly, when the 3’ LTR junctions of 3 of the top 6 RISs (Mapk13,
Ccnd1, and Hdac6) were sequenced, heterogeneity was observed at the positions +1/+2
downstream of the MLV junction sequence (TCTTTCA). Viral integration involves the
cleavage of the LTR terminal dinucleotide, exposing the conserved 3’ CA region and
generating a 5’ single stranded (ss) tail on the viral DNA substrate. The observed
sequence heterogeneity corresponded with either the predicted host DNA sequence (Fig
20A, black text in parenthesis) or the sequence encoded through the 5’ ss viral tail (Fig
20A, blue in parenthesis). Mixed populations at this position have not been previously
identified, and may reflect unique repair mechanisms at the viral/host DNA junction in
the MYC/Runx2 mice model, in which p53 activity is reported to be suppressed (Fig

20B) (99, 100).



72

Discussion

Recombination with the endogenous polytropic Pmv20 virus was detected in multiple
tumors (IN TP4, 6, 7, 9, 15, 18, and 19). While this recombination restored the IN TP,
the presence of recombinant virus did not correlate with the mouse DoDs; IN TP 16
demonstrated no recombination with polytropic virus (DoD 34 days), whereas IN TP4, 6,
7,9, 15, 18, and 19, which did undergo recombination, had DoDs of 50, 57, 37, 63, 33
and 36 days, respectively. Our analysis cannot determine the point in the infection time
course at which recombination occurred, and it is possible that the recombination event
for IN TP9, for example, which had a DoD of 63 days, occurred late in tumor
development and thus did not have a marked effect on tumor progression. It is
interesting to note that following infection with IN TP", no mice survived beyond day 70,
whereas the uninfected control mice survived beyond 110 days, suggesting that the
presence of a recombinant virus may have affected long-term survival.

In the mouse model, we cannot eliminate the possibility that the integration at active
promoter/enhancer regions observed in IN TP is due to transcomplementation by
endogenous Gag-Pol proteins from the xenotropic MLV Bxv-17 locus (101). C57BL mice
have been documented to express xenotropic MLV at low levels in vivo, which can be
induced in tissue culture with IdU (113, 169). Although the xenotropic Env would
exclude infection of these endogenous viruses, complementation of the IN protein in
trans cannot be eliminated. This could result in the low level of bias towards the TSS
observed within the MYC/Runx2 tumors, in the absence of recombination events. This
issue of transcomplementation by xenotropic MLV would potentially not be a problem in
the use of IN TP" virus in non-murine cells. However, other species do have their own
ERVs, which may or may not contribute to the target-site selection of MLV based

vectors.
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A 3’'LTR genomic sequence
Hdac6 (intron) TAGAAGGGATAC
Rasgrp1 CTGGAGGAAACA
Gng7 ATATACACACAC
heterogeneity near duplication site
Mapk13 (T/G) TTGTGAGTTGCC
Ccnd1 (T/C)CTGGCCAGGGT
Hdac6 (ex2) (T/C)TCTTCAGCTGGT
genomic sequence 5’ LTR
Hdac6 (ex 2)AACTAGGTCCTCT TONANGEAN
B
MYC/Runx2 mice
4 )
LT I L Integration
P Hdac6 (ex 2) ‘
)
| ? ) CTCTTCAGCTGGT
’
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Fig 20. Base heterogeneity near the LTR junction. (A) Sequence of the
LTR/mouse genome junctions of six TP16 RIS. The MLV LTR termini are
shaded in blue and the mouse genomic sequences are unshaded. Bases shaded
in grey displayed a mixed population using Sanger sequencing; bases
corresponding to the viral LTR are in blue and those of the mouse genome are in
black. Base in lowercase can be both from LTR and mouse genome. (B)
Proposed influence of the transgenes MYC and Runx2 on genetic and
phenotypic landscape in mice. The 3’ LTR junction of Hdac6 (exon 2) integrant
is shown. Expression of both MYC and Runx2 transgenes synergistically
suppress p53 activation through unknown mechanism of activation of other
genes that neutralizes p53 function. p53 functions as a regulator of many cellular
processes such as cell cycle arrest, apoptosis, angiogenesis and DNA repair.
Suppression of p53 could affect DNA repair mechanisms and cause erroneous
DNA repair on the provirus.



Table 6. Copy number of the top TP16 RISs in Hdac6, Ccnd1, Mapk13.
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CIS gene Integrant Identifier* Copy Central base pair
Number position

Hdac6 (exon) | M00851:172:000000000- 62234 | 7946931-7946932
B3VWL:1:2105:17280:1567

Hdac6 (exon) | M00851:172:000000000- 1 7946930-7946931
B3VWL:1:2103:15122:23186

Ccnd1 M00851:172:000000000- 1 144940635-
B3VWL:1:2105:9498:5837 144940636

Ccnd1 M00851:172:000000000- 19122 144940636-
B3VWL:1:2105:15456:1380 144940637

Mapk13 M00851:172:000000000- 4 28773027-28773028
B3VWL:1:2105:27325:19943

Mapk13 M00851:172:000000000- 54637 | 28773029-28773030
B3VWL:1:2105:13737:1495

*Representative sequence identifier of the integrant is shown when multiple copies are

present.
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Another source of recombination with ERVs that wasn’t analyzed is the ecotropic
ERV present in the mice. C57BL/6 has one endogenous ecotropic MLV, Emv2 that is
poorly expressed and has a replication defective RT (101). It can be rescued by
recombination with replication competent MLVs (170, 171).

Analysis of the top retroviral integration sites (RISs) copy number sites in TP 16
tumors that maintained the IN TP mutation revealed anomalies in target-site duplication.
The high frequency (3/6) of a heterogeneous mixture of two bases within the target-site
duplication region adjacent to the U5 LTR is of interest. In two cases, the sequence read
a mixture of C and T, where the host target DNA encoded a C. The third case involved a
mixed G/T population, where the host DNA encoded a G. In all three cases, the
heterogeneity was observed within two bases of the viral CA terminus. The MYC/Runx2
mouse model is hypothesized to function to overcome p53 (90) (Fig 20B). p53 is known
to interact with components of the nucleotide excision repair, base excision repair (BER),
mismatch repair (MMR), and homologous recombination (HR)/NHEJ pathways (172),
and repair of the target DNA site occurs using host repair mechanisms. It is possible that
the observed heterogeneities have not been previously identified under conditions of low
p53 activity. The incorporation of a T at these positions could be the result of base-
pairing of the 5’-tail of the viral genome, encoded by TT for MLV. If these mismatched
viral bases are ligated to the 3’ extended gap-repair product, rather than undergoing
strand-displacement and excision, the observed heterogeneities could be maintained in
the tumor population after DNA replication. The G-to-T transversion observed at the
Mapk13 integrant could be a result of base-excision repair (BER), if integration was
directed into a region of oxidative damage, for example at an 8-oxo-dG (173). In HIV,
oxidative BER proteins directly influence integration at the sequence level.(173).

Heterogeneity at the target duplication sites was observed for integrants at the

Hdac6, Ccnd1, and Mapk13 loci. Although the mapping studies indicated that all three of
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these loci had a secondary integrant 1-2 bases away from the first (Table 6), only one
integrant spanning the viral:host junction was amplified. Analysis of the integrant copy
number within the NGS libraries indicated a much higher incidence of one of integration
sites at each locus, and it was the predominant integration in the population that was
amplified and analyzed. The heterogeneity at the target site duplication was therefore
not linked to the presence of a neighboring integrant in the population.

For retroviruses, enhancer activation usually occurs upstream of the gene in the
antisense orientation, or downstream in the sense orientation (168). Indeed, this was the
orientation bias observed for both Ccnd? and Rasgrp1. For Ccnd1, the top integrant is
included in the integration cluster near the promoter (Fig 19A). Similarly, previous
studies of WT MLV in MYC/Runx2 tumors indicated a cluster of insertions at the 5’ end
of the Ccnd1 gene, predominantly upstream of the coding sequence (90). The proximal
cluster initiates overexpression via retroviral enhancer elements (174). Ccnd1 has an
important role in cell cycle regulation, and overexpression induces the formation of
different cancer types (175-177). For Rasgrp1, the integrant analyzed was 91,758 bases
upstream of the Rasgrp1 promoter, and oriented with the viral promoter in the opposite
orientation. Activation of Rasgrp1 most likely occurs through an enhancer activation
event. Sequence analysis indicated this integrant maintained the IN TP" sequence. It
was initially surprising to see the RIS orientation bias >91 kb upstream of Rasgrp1
promoter. For human leukemia virus -1 (HTLV-1), long-range interactions between target
gene promoters and viral enhancers are facilitated through chromatin looping utilizing
the host zinc finger binding protein, CTCF (178, 179). The HTLV-1 provirus contains a
CTCF nucleotide-binding motif that has been shown to mediate clone-specific
deregulation of host transcription from distances up to 300 kb from the provirus (179),
and CTCF-mediated cis contacts within the host genome can be as far as 1.4 MB (178,

179). Although M-MLV does not encode a known CTCF binding motif, CTCF binding



77

sites have been identified at the promoter region of Rasgrp7 and ~10 kB downstream
from the RIS (ENCODE reference ENCFF310MUQ). CTCF-mediated transcription
varies depending on the cell type. Validation of CTCF binding would require circular
chromosome conformation capture (3C or ChlA-PET) analysis from the tumors, which is
not available for this study. However, the presence of these CTCF binding sites provides
a potential mechanism for the MLV viral enhancer to interact with Rasgrp? promoters
that are distant from each other, thereby driving overexpression of Rasgrp7 concomitant
with tumorigenesis in these mice (180-182). For Ccnd1, CTCF-dependent long-range
loops have been identified that reposition distal clusters of retroviral insertions, driving
gene activation (174).

The Hdac6 gene also displayed a biased integration in an orientation opposite that of
transcription, however these integrants are within the Hdac6 gene. For IN TP™16, the
two most abundant integrants in the library map within exon 3 at the 5’ end and within an
exon at the 3’ end of the gene. The results imply a loss of function through oncogenic
selection, however the mechanism cannot be determined. Hdacé is reported to interact
with Runx2 (183, 184) as well as being involved in multiple cellular processes, including
organization of the immune synapse, cell migration, protein degradation, and viral

infection (185).
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Section lll. Identification of chromatin state preference of MLV IN TP- integrations
in K562 cells
MLV IN TP integration sites at chromatin states and histone modifications in K562
cells

To further investigate MLV IN TP~ integration, a single round of infection of human
leukemia cell line K562 with this virus was performed. These cells recapitulated the
decreased integration percentage at TSSs and CpG sites that was previously observed
in 293mCAT cells for the IN-XN construct (Table 3 and Table 7, Fig 21). To extend this
analysis, 15 chromatin states and histone modifications were considered. The use of
chromatin states provides a different approach to understand the genomic landscape, as
previously reported (75). In this approach, clusters of chromatin marks are used to
define functionally active states of chromosome, which are specific for each cell line. For
K562, 15 chromosome states have been utilized to analyze MLV integration (75), and
85% of integrants were shown to map to strong enhancers and active promoter regions.
The overlap between MLV WT and TP" RIS and the components of the 15-chromatin
state model was investigated in K562 cells. As shown in Fig 22A, 73.8% of MLV WT
integrations mapped to the same three highest states that were identified previously
(75), which were annotated as active promoter (state 1) and strong enhancer (states 4
and 5). In contrast, the MLV IN TP’ integrations displayed a divergent integration
preference, with the top 2 chromatin states being heterochromatin (State 13; 21.6%) and
weakly transcribed regions (State 11, 19.4%) (Fig 22B, bottom). Although not amongst
the top states, the loss of the IN TP did not eliminate integrations at active promoters
(State 1) and enhancers (Strong enhancers, states 4 and 5; weak enhancers, state 7),

which cumulatively accounted for 35% of the IN TP integrants.
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Table 7. MLV integration site mapping of single round infected WT MLV and MLV
IN TP  in K562 cells

Unique sites TSS+/-1kb (%) CpG+/- 1kb (%)
WT 4384 1160 (26.46) 1417 (32.32)
IN TP 934 68 (7.28) 98 (10.49)
RIC* 10000 169 (1.69) 270 (2.70)

*RIC — Random integration control
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Fig 21. Histogram of integration in K562 cells infected with MLV IN TP" and
WT MLV from TSSs. In all panels, the IN TP 16 integrants are indicated in blue,
WT6 in black, and RIC in orange. (A) Histograms of MLV integration profile at
the nearest TSSs. Percentage of RISs plotted against annotated TSSs compared
to RIC. (B) Histograms of MLV integration profile of WT MLV and MLV IN XN in
293mCAT cells at the nearest TSSs.
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Fig 22. Chromatin profile of MLV IN TP" integrations in K562 cells based on

the 15-state chromatin model

In all panels, the IN TP™16 integrants are indicated in blue, WT6 in black, and RIC
in orange. (A) Percentage of RISs in 15-chromatin states (151) in K562 cells:

WT infection (top panel) and MLV IN TP infection (bottom panel).

Each

chromatin state is labeled with corresponding color as indicated. (B) Percentage
of RISs in state 11 and state 13 compared to RIC. State 11 is described as
weakly transcribed regions and state 13 are heterochromatin regions (151).
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The median chromosomal coverage in K562 for chromatin states 11 and 13 were
reported to be 11.3 and 71.4% (151), respectively, which correlates well with the
genome coverage of computer-generated integrations within the random integration
control (RIC; Fig 22B). For state 11, corresponding to weakly transcribed regions, loss of
IN TP increased integration frequency 4.8-fold compared to WT (Fig 22C; 19.4% for IN
TP"; 4.01% for WT MLV). Significantly, this frequency is 2-fold above the RIC, indicating
a bias for integration into these weakly transcribed regions. Similarly, integration into
heterochromatin (state 13) increased ~ 5-fold in MLV IN TP (21.63%) compared to WT
MLV (4.06%). For comparison, WT MLV integrations at heterochromatin are lower than
RIC. Thus, in the absence of the IN TP, MLV integration preference for heterochromatin
and weakly transcribed regions increases, while integration at active promoters and
enhancers was disfavored.

The chromosome states described above are defined, in part, through profiling
combinations of a set of histone modifications modifications and the occupancy of
various cis-regulatory elements by known protein factors (151). Directed by the
bromodomains, acetylated histone modifications are important in determining BET
proteins interactions; however, additional marks including H3K4me2/3 are elevated in
Brd-bound nucleosomes (165). MLV integrations have been strongly associated with
H3K4me1, H3K4me2, H3K4me3, H3K27ac, H2Az and H3K9ac modified chromatin (69,
70, 75, 76, 163, 167). Fig 22 show the proportion of WT and IN TP’ integrants found in
regions marked by the various epigenetic marks and proteins associated with integration
site preference in K562 cells. ChlP-seq data for all chromatin modifications was obtained
from the ENCODE consortium, and enrichment of viral integration over RIC control was
computed for each modification. Significantly, the largest decrease in enrichment on loss

of the IN TP region was associated with Brd4 binding sites (17.5-fold for WT vs 7.12-fold
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Fig 23. Enrichment analysis at different histone modifications of MLV IN TP"
integrations in K562 cells In all panels, the IN TP"16 integrants are indicated in
blue and WT6 in black. (A) Enrichment of integrations in ChlPSeq peaks of
different histone marks and Brd4 binding regions in K562 cells. Value of
enrichment is calculated by dividing the number of RISs with the number of RIC
at each histone mark. The dotted line is the level of enrichment expected by
chance. Transcription silencing histone marks are in pink and transcription. (B)
Comparison of percentage of integrations for WT, IN TP" and RIC within the

ChlP-seq peaks for different histone modifications, CTCF and Brd4.
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for MLV IN TP") (Fig 23). The WT virus was most highly enriched at the epigenetic
modifications H3K4me3, H3K4me2, H3K27ac and H3K9ac, which in consistent with
previous report (75). Interestingly, loss of IN TP resulted in a >45% decrease in fold
enrichment at H3K4me3, H3K4me2, and H3K27ac sites, which is consistent with a loss

of association with BET proteins.

Discussion

The absence of IN TP reduced the integration bias towards strong enhancers and
active promoters and was preferentially associated with heterochromatin and weakly
transcribed regions. The secondary preference towards active regulatory elements (state
1, 4 and 5) is maintained, which corresponds to median genome coverage of only 2.5%.
This observed integration of MLV IN TP" at active promoter/enhancers could be the
result of a second IN site interacting with BET proteins (154).

The heterochromatin and weakly transcribed regions in the 15-state model share the
absence of the chromatin marks H3K4me1/2/3, H3K27me3, H3K27ac, H3K9ac and
CTCF, with the weakly transcribed state 11 containing low levels of H3K36me3,
H4K20me1 (151). A more defined model with 25 and 50 chromatin states has recently
been described, which makes further subdivisions based on an expanded set of
chromatin marks. In these, the heterochromatin state is distinguished from the quiescent
state by the presence of the H3K9me3 mark. While K562 ENCODE data is not available
for the full-expanded set of chromatin marks, we observed no significant fold enrichment
of WT MLV or IN TP integrations at H3K9me3. Therefore, most of the MLV IN TP"
integrations in heterochromatin would reasonably be categorized as targeting the
quiescent chromatin state in the 25- and 50- chromatin state model. The quiescent state

is defined by the large absence of any histone modifications, similar to the
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heterochromatin state in 15-chromatin state, an inactive state with low annotated non-
coding and coding transcripts (186).

Although many studies have documented the role of the IN TP in driving integration
towards active promoters and enhancers (68, 75, 76). this is the first study to define
where the integrations are directed in the absence of the BET protein interaction. Two
models could explain the integration of 40% of MLV TP" integrants into regions with
limited histone modifications. Firstly, the MLV IN may display an innate recognition of
unmodified histone tails, or secondly, modified histones may present a steric hindrance
for IN binding. Both MLV and prototype foamy virus (PFV) encode an N-terminal
extension domain (NED) (61, 77), however PFV IN does not encode a homologous TP.
The PFV IN CCD-CCD interface interacts with the H2A-H2B heterodimer, specifically
with the C-terminal helix of H2B and N-terminus of H2A. Three PFV IN residues (P135,
P239 and T240) were shown structurally to interact with H2B, and they reside in the
loops between B-sheet 1/2 and a helix 4/5 (64, 187). Binding to the nucleosome results
in a 7A deformation of the target DNA, and ultimately drives viral integration into
heterochromatin regions, Lamin A/B1 rich-regions, and intergenic regions (64, 187). H2A
and H2B are the most diverse histones, which, along with distinct post-translational
patterns, contribute to the complexity and variability of H2A-H2B dimers (188). It is
possible that the MLV IN CCD-CCD dimer may interact with a specific variant of H2A-
H2B heterodimer with distinct modifications independent of BET proteins.

Transposing the whole a helix 4/5-loop region of the PFV IN CCD (RPTK) into MLV
IN resulted in viral titer equivalent to those of the catalytically inactive MLV D184N (data
not shown), however, point mutations (S239P and R240T) and B-sheet 1/2 loop
exchange (GLY - PSQ) produced viral titers. This implies that the homologous loop
region of MLV IN CCD (GSRD) is integral to IN stability or is a site of secondary

interactions. When Asp from MLV IN CCD a helix 4/5-loop was placed instead of Lys of
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PFV (GSRD - RPTD), it surprisingly resulted in viral titer. The integration profile of viral
infection in 293mCAT cells for both the MLV IN CCD (GLY->PSQ) and MLV IN CCD
(GSRD—>RPTD) were analyzed (data not shown). Both showed decreased integration at
TSSs and CpG islands, but not at the same level as MLV IN-XN, suggesting the BET
interaction with WT IN TP has a stronger influence on the target-site selection. When
these mutations and CCD loops were introduced in MLV IN-XN, however, only the point

mutations produced viral titer and can be used for future integration profile studies.
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Summary, Conclusions and Future Directions

Multiple studies have explored the MLV IN protein interaction with host BET proteins
and how it directs integration into sites of active expression marked by acetylated
chromatin. This led to studies of the effect of loss of MLV BET binding site on the
pathogenesis of the virus. In this study, we infected MYC/Runx2 mice, a transgenic
model displaying rapid tumor formation that is further accelerated by MLV infection with
MLV lacking the IN tail peptide. Globally, the infection time course for the IN TP" cohort
showed a biphasic DoD curve, with 1/3 of the mice developing tumors early, as with WT
infection, and 2/3 of the mice developing tumors later, paralleling the uninfected
MYC/Runx2 control mice. All the mice died by day 73 compared to the control mice (day
115). Median survival of IN TP- infected mice (50 days) is longer than WT infection (34
days) with We extensively characterized the mouse IN TP™16, which displayed early
tumorigenesis and showed no detectable signs of recombination with endogenous
viruses. Characterization of TP16 tumor viral integration sites indicated a broader
integration profile around TSS and decreased association with H3K27ac, H3K9me1 and
H3K9me3 marks (Figs 18). Characterization of the virus at specific integration sites of
high abundance indicated that the IN mutation was preserved, and the characteristic
target-site profile for IN lacking the TP was maintained following 293mCAT cell infection
with IN TP16 tumor-derived virus. However, integrations into CIS known to accelerate
tumor formation were present, suggesting that stochastic integration into an open
chromatin hotspot can still provide the positive selection required for tumor outgrowth.

The overall goal of these experiments was to determine whether MLV IN TP~ virus
represent safer gene delivery vectors, using an in vivo mouse model. The uniform
acceleration of tumorigenesis by MLV infection in the MYC/Runx2 mouse was not
observed with IN lacking the BET interaction domain at its C-terminus. A major limitation

of this mouse system is the strong selective pressure to maintain IN-TP function, either
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directly by recombination or indirectly using mechanisms such as transcomplementation
with expressed murine endogenous elements. Alternative animal models or assay
systems (189, 190) would be beneficial to assess the full potential of MLV IN TP as a
vector in the absence of endogenous elements influencing integration preferences. The
results also indicate that removing TP was not sufficient to redirect all integrations away
from active promoters and strong enhancers, or to eliminate the stochastic events that
can select for oncogenic activation. Ultimately, a modified vector that combines many
different strategies could decrease genotoxicity and overcome current limitations for
clinical applications. Self-inactivating (SIN) vectors eliminate strong viral enhancers (3,
191). For keratinocytes, MLV SIN vectors target less cell-growth related genes, TSS
and epigenetically defined promoters. (191). Peptide motifs and protein domains that
interact with heterochomatin regions can be inserted into retroviral genome and redirect
integrations to less transcriptionally active genomic regions (125, 126).

Currently, our lab has developed different approaches to retarget integration. One
strategy involves insertions of alternative chomatin-binding peptides in place of IN TP
(Appendix 5). Another approach is replacing MLV IN CCD residues with PFV IN residues
interacting with nucleosomes based on structure-based alignment. Structure of
nucleosome bound PFV intasome shows interaction between residues located in loop
regions between B1- B2 sheets and a4-a5 helices of the PFV IN CCD and H2A C-
terminal helix and H2B (Appendix 6). This could possibly be a PFV specific interaction
with H2A-H2B and H3 histones that could influence target-site recognition. These
modifications are in MLV expressing constructs and expressed viral titer similar to MLV
IN XN. Preliminary data on integration profile in 293mCAT cell for some MLV IN CCD
(GLY—>PSQ) and MLV IN CCD (GSRD—->RPTD) have been collected. Along with these
modifications, three copies of the p12 chromatin tethering domain of MLV has been

added at the C-terminal end of IN for integration retargeting. The expected integrations
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for these modified MLV IN constructs are to regions that have low transcription activity
thus reducing any potential oncogenic activation. Combination of these approaches can

potentially decrease further genotoxicity when used for future clinical applications.
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Appendices

Appendix 1. MYC/Runx2 mice infected with WT MLV and MLV IN XN viruses

Se reason for
ID X DoB DoD Life death

GImWT inf-1 F 7123/14 8/19/14 27
GImWT inf-2 F 7/123/14 8/26/14 34
GImWT inf-3 M 7/123/14 8/26/14 34
GImWT inf-4 M 7/123/14 8/26/14 34
GIimWT inf-5 M 7/123/14 8/26/14 34
GImWT inf-6 F 7/29/14 8/28/14 30
GImWT inf-7 F 7/129/14 8/28/14 30
GIimWT inf-13 F 7/129/14 9/1/14 34
GImWT inf-8 M 7/29/14 8/28/14 30
GImWT inf-9 M 7/29/14 8/29/14 31
GIimWT inf-10 M 7/29/14 8/29/14 31
GIimWT inf-11 M 7/29/14 9/1/14 34
GImWT inf-12 M 7/29/14 9/1/14 34
GIimWT inf-14 M 7/29/14 9/2/14 35
GIimWT inf-15 M 7/29/14 9/2/14 35
GIimWT inf-16 M 7/29/14 9/2/14 35
GIimWT inf-18 F 8/13/14 9/22/14 40
WT MLV GImWT inf-17 M 8/13/14 9/18/14 36
GIimWT inf-19 M 8/13/14 9/23/14 41
GIimWT inf-20 M 8/13/14 9/30/14 48
GImWT inf-23 F 8/18/14 10/10/14 53
GIimWT inf-24 F 8/18/14 10/16/14 59
GImWT inf-21 M 8/18/14 10/2/14 45
GIimWT inf-22 M 8/18/14 10/8/14 51
GImWT inf-25 M 8/18/14 10/20/14 63
GIimWT inf-26 M 8/18/14 10/20/14 63
GIimWT inf-28 F 9/2/14 10/29/14 57
GIimWT inf-29 F 9/2/14 10/29/14 57
GIimWT inf-30 F 9/2/14 10/31/14 59
GIimWT inf-27 M 9/2/14 10/24/14 52

thymus

GIimWT inf- 9/2/14 9/11/14 9 samples

thymus

GIimWT inf- 9/2/14 9/11/14 9 samples

thymus

GIimWT inf- 9/2/14 9/11/14 9 samples

[N I N A I R

GimXN inf-1 F 7124/14 9/2/14 40
GimXN inf-2 F 7124/14 9/3/14 41
GimXN inf-27 F 8/4/14 10/2/14 59
GimXN inf-23 M 8/4/14 9/30/14 57
MLV IN-XN GimXN inf- F 8/12/14 9/8/14 27
GimXN inf-8 F 8/12/14 9/22/14 41
GimXN inf-3 M 8/12/14 9/11/14 30
GimXN inf-4 M 8/12/14 9/15/14 34
GimXN inf-5 M 8/12/14 9/16/14 35
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GimXN inf-6 M 8/12/14 9/16/14 35
GimXN inf-7 M 8/12/14 9/18/14 37
GimXN inf-9 M 8/12/14 9/22/14 41
GimXN inf-15 F 8/12/14 9/23/14 42
GimXN inf-24 F 8/12/14 9/30/14 49
GimXN inf-30 F 8/12/14 10/6/14 55
GimXN inf-35 F 8/12/14 10/21/14 70
GimXN inf-19 M 8/12/14 9/30/14 49
GimXN inf-34 M 8/12/14 10/20/14 69
GimXN inf-31 F 8/18/14 10/6/14 49
GimXN inf-37 F 8/18/14 10/27/14 70
GimXN inf-38 F 8/18/14 10/30/14 73
GimXN inf-40 F 8/18/14 11/4/14 78
GimXN inf-17 M 8/18/14 9/30/14 43
GimXN inf-14 F 8/18/14 9/23/14 36
GimXN inf-25 F 8/18/14 10/1/14 44
GimXN inf-18 F 8/18/14 9/30/14 43
GimXN inf-16 F 8/18/14 9/24/14 37
GimXN inf-12 M 8/18/14 9/23/14 36
GimXN inf-13 M 8/18/14 9/23/14 36
GimXN inf-21 M 8/18/14 9/30/14 43
GimXN inf-20 M 8/18/14 9/30/14 43
GimXN inf-10 M 8/18/14 9/23/14 36
GimXN inf-11 M 8/18/14 9/23/14 36
GimXN inf-26 M 8/18/14 10/1/14 44
GimXN inf-22 M 8/18/14 9/30/14 43
GimXN inf-28 M 8/18/14 10/6/14 49
GimXN inf-29 M 8/18/14 10/6/14 49
GimXN inf-39 F 9/1/14 10/31/14 60
GimXN inf-32 M 9/1/14 10/6/14 35
GimXN inf-33 M 9/1/14 10/7/14 36
GimXN inf-36 M 9/1/14 10/21/14 50
GimXN inf-41 M 9/1/14 11/13/14 73
thymus
GimXN inf- 9/1/14 9/10/14 9 samples
thymus
GimXN inf- 9/1/14 9/10/14 9 samples
thymus
GimXN inf- 9/1/14 9/10/14 9 samples
Gim-649 F 8/10/14 10/31/14 82
Gim-664 F 8/10/14 12/3/14 115
Gim-631 M 8/10/14 9/24/14 45
Gim-632 M 8/10/14 10/6/14 57
Gim-633 M 8/10/14 10/16/14 67
Gim-660 M 8/10/14 11/13/14 95
thymus
Gim- 9/16/14 9/26/14 10 samples
thymus
Gim- 9/16/14 9/26/14 10 samples
thymus
Gim- 9/16/14 9/26/14 10 samples
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thymus
Gim- 9/16/14 9/26/14 10 samples
thymus
Gim- 9/16/14 9/26/14 10 samples
thymus
Gim- 9/16/14 9/26/14 10 samples
thymus
Gim- 9/16/14 9/26/14 10 samples
thymus
Gim- 9/16/14 9/26/14 10 samples
Gim-647 F 9/7/14 10/30/14 53
Gim-652 F 9/7/14 11/5/14 59
Gim-655 F 9/7/14 11/10/14 64
Gim-658 F 9/7/14 11/11/14 65
Gim-662 F 9/7/14 11/18/14 72
Gim-665 F 9/7/14 12/8/14 92
Gim-639 M 9/7/14 10/24/14 47
Gim-634 F 9/10/14 10/20/14 40
Gim-638 F 9/10/14 10/21/14 41
Gim-650 F 9/10/14 10/31/14 51
Gim-661 F 9/10/14 11/17/14 68
Gim-637 M 9/10/14 10/20/14 40
Gim-640 M 9/10/14 10/24/14 44
Gim-641 M 9/10/14 10/24/14 44
Gim-642 M 9/10/14 10/27/14 47
Gim-663 M 9/10/14 11/27/14 78
Gim-657 M 9/10/14 11/10/14 61
Gim-656 M 9/10/14 11/10/14 61
Gim-635 F 9/10/14 10/20/14 40
Gim-644 F 9/10/14 10/28/14 48
Gim-654 F 9/10/14 11/5/14 56
Gim- M 9/10/14 10/27/14 47 found dead
Gim-636 M 9/10/14 10/20/14 40
Gim-643 M 9/10/14 10/27/14 47
Gim-645 M 9/10/14 10/28/14 48
Gim-646 M 9/10/14 10/29/14 49
Gim-651 M 9/10/14 11/4/14 55
Gim-653 M 9/10/14 11/5/14 56
Gim-659 M 9/10/14 11/12/14 63
Gim-667 F 9/15/14 5/1/15 228 Outlier
Gim-648 M 9/15/14 10/30/14 45
Gim-666 M 9/15/14 1/26/15 133 Outlier
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Appendix 2. MYC/Runx2 mice infected with WT MLV and MLV IN TP’ viruses

WT MLV

ID Sex DoB ‘ DoD Life reason for death
Gim16(WT) inf-9 F | 2/16/16 | 4/8/16 | 52
Gim16(WT) inf-10 F | 2/16/16 | 4/8/16 | 52
Gim16(WT) inf-13 F | 2/16/16 | 4/19/16 | 63
Gim16(WT) inf-14 F | 2/16/16 | 4/19/16 | 63
Gim16(WT) inf-11 M | 2/16/16 | 4/8/16 | 52
Gim16(WT) inf-17 M | 2/16/16 | 4/20/16 | 64
Gim16(WT) inf-1 F 3/1/16 | 4/4/16 | 34
Gim16(WT) inf-2 F 3/1/16 | 4/4/16 | 34
Gim16(WT) inf-3 F 3/1/16 | 4/4/16 | 34
Gim16(WT) inf-8 F 3/1/16 | 4/6/16 | 36
Gim16(WT) inf- F 3/1/16 | 3/24/16 | 23
Gim16(WT) inf-4 M 3/1/16 | 4/4/16 | 34
Gim16(WT) inf-5 M 3/1/16 | 4/4/16 | 34
Gim16(WT) inf-6 M 3/1/16 | 4/4/16 | 34
Gim16(WT) inf-7 M 3/1/16 | 4/4/16 | 34
Gim16(WT) inf-15 F 3/9/16 | 4/19/116 | 41
Gim16(WT) inf-18 F 3/9/16 | 5/4/16 | 56
Gim16(WT) inf-19 F 3/9/16 | 5/4/16 | 56
Gim16(WT) inf-12 M 3/9/16 | 4/8/16 | 30
Gim16(WT) inf-16 M 3/9/16 | 4/19/116 | 41
Gim16(WT) inf-20 F 4/5/16 | 5/9/16 | 34
Gim16(WT) inf-21 F 4/5/16 | 5/9/16 | 34
Gim16(WT) inf-22 F 4/5/16 | 5/9/16 | 34
Gim16(WT) inf-23 F 4/5/16 | 5/9/16 | 34
Gim16(WT) inf-24 F 4/5/16 | 5/10/16 | 35
Gim16(WT) inf-25 F 4/5/16 | 5/10/16 | 35
Gim16(WT) inf-26 F 4/5/16 | 5/10/16 | 35
Gim16(WT) inf-28 F 4/5/16 | 5/16/16 | 41
Gim16(WT) inf-27 M 4/5/16 | 5/10/16 | 35
Gim16(WT)d10 inf-1 5/3/16 | 5/12/16 | 9 thymus samples
Gim16(WT)d10 inf-2 5/3/16 | 5/12/16 | 9 thymus samples
Gim16(WT)d10 inf-3 5/3/16 | 5/12/16 | 9 thymus samples
Gim16(WT)d10 inf-4 5/3/16 | 5/12/16 | 9 thymus samples
Gim16(WT)d10 inf-5 5/3/16 | 5/12/16 | 9 thymus samples
Gim16(WT) inf- 5/3/16 | 5/18/16 | 15 excess
Gim16(WT) inf- 5/3/16 | 5/18/16 | 15 excess
Gim16(WT) inf- 5/3/16 | 5/18/16 | 15 excess
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Gim16(WT) inf- 5/3/16 | 5/18/16 | 15 excess
Gim16(WT) inf- 5/3/16 | 5/18/16 | 15 excess
Gim16(TP-)inf-3 F |2/16/16 | 4/4/16 | 48
Gim16(TP-)inf-6 F | 2/16/16 | 4/13/16 | 57
Gim16(TP-)inf-9 F | 2/16/16 | 4/19/16 | 63
Gim16(TP-)inf-11 F | 2/16/16 | 4/19/16 | 63
Gim16(TP-)inf-1 M | 2/16/16 | 4/4/16 | 48
Gim16(TP-)inf-2 M | 2/16/16 | 4/4/16 | 48
Gim16(TP-)inf-10 M | 2/16/16 | 4/19/16 | 63
Gim16(TP-)inf-4 M | 2/16/16 | 4/6/16 | 50
Gim16(TP-)inf-5 M | 2/16/16 | 4/12/16 | 56
Gim16(TP-)inf-8 M | 2/16/16 | 4/15/16 | 59
Gim16(TP-)inf-14 M | 2/16/16 | 4/25/16 | 69
Gim16(TP-)inf- 2/16/16 NA NA lost
Gim16(TP-)inf- 2/16/16 NA NA lost
Gim16(TP-)inf- 2/16/16 NA NA lost
Gim16(TP-)inf-7 F 3/7/16 | 4/13/16 | 37
Gim16(TP-)inf-21 F 3/7/16 | 5/16/16 | 70
MLV IN TP Gim16(TP-)inf-20 M 3/7/16 | 5/11/16 | 65
Gim16(TP-)inf-22 M 3/7/16 | 5/16/16 | 70
Gim16(TP-)inf-23 M 3/7/16 | 5/18/16 | 72
Gim16(TP-)inf-16 F | 3/23/16 | 4/26/16 | 34
Gim16(TP-)inf-12 M | 3/23/16 | 4/20/16 | 28
Gim16(TP-)inf-13 M | 3/23/16 | 4/22/16 | 30
Gim16(TP-)inf-15 M | 3/23/16 | 4/25/16 | 33
Gim16(TP-)inf-17 M | 3/23/16 | 4/26/16 | 34
Gim16(TP-)inf-18 M | 3/23/16 | 4/28/16 | 36
Gim16(TP-)inf-19 M | 3/23/16 | 4/28/16 | 36
Gim16(TP-)d10 inf-1 5/3/16 | 5/12/16 | 9 thymus samples
Gim16(TP-)d10 inf-2 5/3/16 | 5/12/16 | 9 thymus samples
Gim16(TP-)d10 inf-3 5/3/16 | 5/12/16 | 9 thymus samples
Gim16(TP-)d10 inf-4 5/3/16 | 5/12/16 | 9 thymus samples
Gim16(TP-)d10 inf-5 5/3/16 | 5/12/16 | 9 thymus samples
Gim16(TP-)inf- 5/3/16 | 5/18/16 | 15 excess
Gim16(TP-)inf- 5/3/16 | 5/18/16 | 15 excess
Gim16(TP-)inf- 5/3/16 | 5/18/16 | 15 excess

blue box- tumors from these mice were analyzed by next-generation sequencing



Appendix 3. Genomic annotations and ChiPSeq datasets used in the stud

Dataset

Accession number

Genome (reference

build)
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Brd4 GSM937540 Mouse (mm8)*
H3K27ac ENCFFO01KYC Mouse (mm10)
H3K4me1 GSM1000102 Mouse (mm9)*
H3K4me3 GSM1000101 Mouse (mm9)*

ChromHMM definition

wgEncodeBroadHmmK562HMM

Human (hg18)**

states
H3K27me3 GSM733658 Human (hg19)
H3K9me3 GSM733776 Human (hg19)
%9 state hi H3K27ac ENCSRO032YTK Human (hg19)
H3K36me3 GSM733714 Human (hg19)
H2A.Z GSM733786 Human (hg19)
H3K9me1 GSM733777 Human (hg19)
H3K9me3 GSM733776 Human (hg19)
H3K4me1 GSM733692 Human (hg19)
H3K79me2 GSM733653 Human (hg19)
H3K4me2 GSM733651 Human (hg19)
H3K4me3 GSM733680 Human (hg19)
Brd4 GSM2635249 Human (hg19)
CTCF GSM733719 Human (hg19)
H3K9ac GSM733778 Human (hg19)

aDataset was obtained from ENCODE, whereas other datasets were from NCBI Gene

Expression Omnibus.

*Genomic coordinates were lifted over from mm8 to mm10.
**Genomic coordinates were lifted over from hg18 to hg19.
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Appendix 4. Fisher’s test for statistical comparison of integration profile

Mouse tumors from MYC/Runx2 mice model*
WT10 WT12

< 2.2 x10-
299

TSS 7.42E-20

5.65E-44

< 2.2 x10-

299 1.16E-25

3.13E-47

6.63E-40

4.03E-15
2.08E-50

1 <2.2x10- | 4 24Eq19

State 13 299

2.92E-61

*P-values are shown for NC vs. tumor samples, tumor WT6 vs. TP'16
**P-values for infected K562 samples are shown for RIC vs. infected K562 cells and
WTvs IN TP



Appendix 5. Chromatin-binding peptides inserted into MLV IN XN
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| Peptides |
HP1 Heterchromatin protein 1 NKGAKPVVVLQKLS
TIF1B Transcription intermediary GLLRKVPRVSLERLDLDLTSDSQPPVFK
factor
PFV CBS Prototype foamy virus QGGYNLRPRTYQP

chromatin binding sequence

KSHV LANA,. Kaposi sarcoma herpesvirus MAPPGMRLRSGRSTGAPLTRGSC
23 latency-associated nuclear
antigen
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Appendix 6
A
B1 B2 B3 al
v - N ) ~ANNNN
B1 B2 B3 a2
prv (D N ) N
MLV 117 ...RHGT IDEPEGYYEL FIPTF IEKE AKVT KLLEEIFP
PFV 117 RPQKIFFDKFFEEY I GP LIZP|S Olep4LE{VIRY VIVIY G TWLYRYSAPSITSATVES. . SLNV|LT
B4 a2 a3 B5 a4
vv ) AR AR D 195sssss
B4 a2 B5 a4
PFV - A RN Y LU0 L0000 L
MLV 174 RF( Q' EDHG \'ZKVSQTVADL'.LDWKLHCAQ- IKTKL
PFV 175 SIAIEKYIHSPEOEAINYTES TFAEWIKER[EMH LEF S T PpqHIOREIE K\AAIKIS DpIR LiRig: e
a5 a6
MLV RN L
a5 ab Helix 287- 301
PFV Y0000 R RN
MLV 234 THMATGSRD VLLYR REEYP .[GPHGT YEPPPLVNFPDPDTRVTNSPSL
PFV 235 LVGR.PTKYYDMBIVVIQLALNREYY SPVLK YEgzH QLIF[e DSNTPFANQDTDLTR .....
e T CCD-CTD linker
Helix 287- 301
Prv SR

MLV 293 QAHLQAYHEVWRPLAAAYQEQLD'PV HPYR....
PFV 289 | | EEEMSHLIEIRTSLYHPSTPPASSKISWSIEVVGQLVQE

CCD-CTD linker

B
Primary interface
V & ] | =
Intasomal \\'/ \\4 \\ 1\_{40 h/‘stg
DNA ) W
AN L7 va
- ”~
-+ <1\ /P1355 (N2 0}
A" — ~ N \ ‘ < \ —
Nucleosomal ?‘ , 2. g
DNA 2 Secondary contact
, B br‘* 4 K159 €iygq
¢ 3 laY @ 57 )
&Ak ¥ ) J/
P Al \, - P \"l '
- ~ y ‘b
' N y— . \@ L 14
X ,K\y’\kgv \ - p & 1P
K168 121591 -\

Sequence alignment of MLV IN CCD and PFV IN CCD. (A) Structure based
sequence alignment of PFV IN CCD (117-325) and MLV IN CCD (117-328) with
secondary structure prediction using PROMALS3D (155) and displayed using
ESPript (156). PFV secondary structures (red helices) are derived from PFV
intasome structure (30S1). MLV secondary structures (blue) are based on the
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homology model (59). Sequences in aquamarine boxes are loop regions where
PFV IN intasome are predicted to interact with nucleosomal proteins. (B) This
figure is adapted from (64). The cryo-EM structure of PFV intasome bound to
nucleosome reveal residues (aquamarine) that interact with histone H2A protein
(red).



